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Preface 
The 1st Propulsion-Airframe Integration Technical Interchange Meeting (PAI–TIM) was held in 
Cleveland, Ohio, at the Ohio Aerospace Institute from May 30 to 31, 2018. The meeting was organized 
by representatives from the National Aeronautics and Space Administration (NASA) aeronautics research 
centers (i.e., Ames, Armstrong, Glenn, and Langley) and the Air Force Research Laboratory and was 
sponsored by NASA’s Advanced Air Vehicle Technology project. The purpose of the PAI–TIM was to 
exchange information and ideas amongst this community of researchers in a workshop-type setting. At 
this meeting, results were shared in the form of presentations only (i.e., no papers were required) 
regarding ongoing research efforts in both the experimental and modeling areas associated with 
propulsion-airframe integration for advanced subsonic and supersonic vehicles. During the 2-day 
meeting, a total of 22 presentations were made and organized into three sessions: (1) Vision and PAI 
Challenges of Future Air Vehicles, (2) PAI Modeling and Simulation: State-of-the-Art and 
Challenges/Needs, and (3) PAI Testing: Test Techniques, Results and Challenges/Needs. In addition to 
the technical presentations, panel sessions were conducted each day at the conclusion of the morning and 
afternoon presentations during which time audience members posed general questions (using an online 
audience response system) that were then discussed by the panel. All but two of the presentations made at 
the PAI–TIM are included in this publicly available conference proceedings document. 
The use of trade names of manufacturers in this publication does not constitute an official 
endorsement of such products or manufacturers, either expressed or implied, by the National Aeronautics 
and Space Administration. 
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Propulsion-Airframe Integration Technical Interchange Meeting 
Abstract 
The 1st Propulsion-Airframe Integration Technical Interchange Meeting (PAI–TIM) was held in 
Cleveland, Ohio, at the Ohio Aerospace Institute from May 30 to 31, 2018. The meeting was organized by 
representatives from the National Aeronautics and Space Administration (NASA) aeronautics research 
centers (i.e., Ames Research Center, Armstrong Flight Research Center, Glenn Research Center, and 
Langley Research Center) and the Air Force Research Laboratory and was sponsored by NASA’s Advanced 
Air Vehicle Technology project. The purpose of the PAI–TIM was to exchange information and ideas 
amongst this community of researchers in a workshop-type setting. At this meeting, results were shared in 
the form of presentations only (i.e., no papers were required) regarding ongoing research efforts in both the 
experimental and modeling areas associated with propulsion-airframe integration for advanced subsonic 
and supersonic vehicles. 
Introduction 
The 1st Propulsion-Airframe Integration Technical Interchange Meeting (PAI–TIM) was held in 
Cleveland, Ohio, at the Ohio Aerospace Institute from May 30 to 31, 2018. The purpose of the PAI–TIM 
was to exchange information and ideas amongst this community of researchers in a workshop-type setting. 
At this meeting, results were shared in the form of presentations only (i.e., no papers were required) 
regarding ongoing research efforts in both the experimental and modeling areas associated with propulsion-
airframe integration for advanced subsonic and supersonic vehicles. 
During the 2 day meeting, a total of 22 presentations were made and were organized into three sessions: 
(1) Vision and PAI Challenges of Future Air Vehicles, (2) PAI Modeling and Simulation: State-of-the-Art
and Challenges/Needs, and (3) PAI Testing: Test Techniques, Results and Challenges/Needs. All but two
of the presentations made at the PAI–TIM are included in this publicly available conference proceedings
document. The presentations were made by representatives from industry, academia, and Government
agencies. In addition to the technical presentations, panel sessions were conducted each day at the
conclusion of the morning and afternoon presentations during which time audience members posed general
questions (using an online audience response system) that were then discussed by the panel.
Overviews of the Three Sessions Follow: 
Vision and PAI Challenges of Future Air Vehicles 
These presentations covered strategic thinking by the NASA Aeronautics Research Mission Directorate 
regarding the potential emerging concepts and the associated PAI challenges for subsonic “fixed-wing” 
aircraft as well as subsonic vertical lift and supersonic commercial vehicles. There were also presentations 
by industry highlighting requirements for advanced commercial and military vehicles that will inform PAI 
challenges. 
PAI Modeling and Simulation: State-of-the-Art and Challenges/Needs 
These presentations covered work being done at NASA and the Air Force Research Laboratory 
(AFRL). A presentation on NASA’s Single-aisle Turboelectric AiRCraft with Aft Boundary Layer 
propulsion (STARC–ABL) provided a description of the concept, a performance benefits assessment, and 
a summary of enabling technologies. A presentation on the CFD analysis performed by NASA for the D8 
“Double-bubble” subsonic transport concept provided insight into the potential benefit of boundary-layer-
ingestion. A presentation by United Technologies Research Center outlined the design challenges and 
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approaches employed in developing a boundary layer ingesting inlet and distortion-tolerant fan. An 
aeropropulsion analysis and design framework (referred to as ModelCenter) was presented by NASA. 
ModelCenter Framework has capabilities to facilitate conceptual and preliminary design for aircraft 
concepts exhibiting high aerodynamic and propulsion coupling. AFRL presented results from their CFD 
efforts (e.g., development of rapid, repeatable meshing, and solution and adaptation methodology) 
conducted in support of testing distortion generators in their compressor aero research lab (CARL). Another 
presentation by NASA highlighted recent results of a coupled aeropropulsive design optimization of a 
boundary-layer-ingesting propulsor relevant to the STARC–ABL concept. These results indicate that 
aeropropulsive coupling has a strong impact on the overall propulsion system design for boundary-layer-
ingesting concepts. NASA presented results from several PAI analyses performed using the Launch, 
Ascent, and Vehicle Aerodynamics (LAVA) code highlighting that different PAI challenges call for 
different gridding strategies such as structured curvilinear overset, unstructured, and cartesian adaptive 
mesh refinement. NASA presented challenges with accurately predicting the inlet recovery and distortion 
using adaptive mesh refinement for a supersonic inlet tested in the NASA Glenn 8- by 6-Foot Supersonic 
Wind Tunnel (8×6 SWT). 
PAI Testing: Test Techniques, Results, and Challenges/Needs 
These presentations covered work being done at NASA, AFRL, industry, and academia. The first 
presentation in this session was made by NASA on the experimental setup, results, and lessons learned 
from testing a boundary-layer-ingesting-inlet/distortion-tolerant fan (BLI2DTF) in the NASA Glenn 8×6 
SWT. Results from the University of Texas at Austin aimed to provide a basic understanding of the 
vibroacoustic loads that form on the aft deck and sidewalls of a planar multistream nozzle through testing 
and examination of measured wall static pressures, aft deck wall dynamic pressures, force measurements, 
and far-field acoustics, as well as accompanying CFD analyses. NASA presented results from previous 
high Mach number (M = 0.85) tests successfully conducted on boundary-layer-ingesting inlet flow control 
technologies on a 2.5%-scale model. AFRL presented results from experiments performed in the CARL 
facility in which they have developed reconfigurable flow-path hardware appropriate for both clean inlet 
and distorted inflow testing through reconfigurable upstream ducting and rotators. This presentation also 
highlights the challenges associated with incorporating instrumentation to adequately characterize the flow 
field and aeromechanics, as well as implementing swirl distortion generators (i.e., StreamVanes™ 
developed by Virginia Tech). NASA presented plans to test StreamVanes™ in its single-stage axial 
compressor facility (W8) to investigate the aerodynamic performance and operability of fans in the presence 
of swirl distortion. A presentation on the acoustic considerations for PAI highlighted the need going forward 
for propulsion airframe integration/propulsion aeroacoustics specific tests (with accurate propulsion 
simulation), which will require that test methods for airframes and propulsors be harmonized. AFRL 
presented results from the calibration of an innovative flow angularity probe with a real-time pressure 
sensor which aimed to have similar accuracy as historical probe designs, with a diameter smaller than 
0.125 in., and low cost to manufacture/calibrate. NASA highlighted its current capabilities in PAI flight 
test instrumentation and capabilities that will be needed to address future PAI flight testing.  
The following sections contain the approved-for-public-release presentations provided by the 
participants. Some represent snapshots in time of ongoing work, and some may contain a list of references 
in case the reader wants additional information. 
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Technical Interchange Meeting Agenda 
WEDNESDAY, 30 MAY 2018 
8:30 CHECK-IN AND REFRESHMENTS—OAI Lobby 
9:00 INTRODUCTORY REMARKS—OAI Auditorium 
- Mary Jo Long-Davis, NASA Glenn Research Center, Cleveland, OH
9:20 SESSION I—VISION AND PAI CHALLENGES OF FUTURE AIR VEHICLES
- Vision and Propulsion Airframe Integration (PAI) Challenges of Future Air Vehicles
Richard Wahls, NASA HQ, Washington, D.C.
- Vision for and PAI Challenges with Advanced Vehicles- Boeing Perspective
John Bonet, Boeing Research and Technology, Huntington Beach, CA
- Vision for and PAI Challenges with Advanced Vehicles- Aurora Perspective
David Hall, Aurora Flight Sciences, Cambridge, MA
10:20 BREAK 
- Lockheed Martin: Propulsion-Airframe Integration Challenges Justine Li, Lockheed Martin,
Palmdale, CA
- Northrop Grumman Perspective on Vision & Propulsion-Airframe Integration Challenges of
Future Air Vehicles
- Chris Harris, Northrop Grumman, Los Angeles, CA
11:30 PANEL SESSION QUESTION AND ANSWER
12:00 LUNCH
- Lunch for PAI-TIM Attendees in the OAI Sunroom
1:00 SESSION II—PAI MODELING AND SIMULATION: STATE-OF-THE-ART AND
CHALLENGES/NEEDS 
- Overview of the NASA STARC-ABL (Rev. B) Advanced Concept
- Jason Welstead, Mark Guynn, Irian Ordaz, Jesse Quinlan, and Brian Mason, NASA Langley
Research Center, Hampton, VA; Jim Felder, Bill Haller, Mike Tong, Scott Jones, Justin Gray, Irian
Ordaz, Sydney Schnulo, and Ajit Sil, NASA Glenn Research Center, Cleveland, OH; Mark Guynn,
- D8 CFD Overview: An Aerodynamics Study of Boundary Layer Ingestion Benefit + Overview of
Tail Cone Thruster WT Test
- Shishir Pandya, NASA Ames Research Center, Moffett Field, CA
- Development of a Robust Distortion Tolerant Low-Pressure-Ratio Fan for
Boundary-Layer-Ingesting Engines
- William Cousins, United Technologies Research Center, East Hartford, CT
2:30 BREAK
- Aero-Propulsion Analysis and Design Framework
- Irian Ordaz, NASA Langley Research Center, Hampton, VA
- CARL Computational Results and Challenges
- Darius Sanders, Air Force Research Laboratory, Dayton, OH
- Coupled Aero-Propulsive Design Optimization Of a Boundary Layer Ingestion Propulsor
- Justin Gray, NASA Glenn Research Center, Cleveland, OH and Gaeten Kenway, NASA Ames
Research Center, Moffett Field, CA
4:15 PANEL SESSION QUESTION AND ANSWER 
6:30 NO-HOST DINNER—Hansa Brewery, Cleveland, OH 
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THURSDAY, 31 MAY 2018 
8:30 CHECK-IN AND REFRESHMENTS—OAI Lobby 
9:00 SESSION II—PAI MODELING AND SIMULATION: STATE-OF-THE-ART AND 
CHALLENGES/NEEDS (CONTINUED) 
- Computational Strategies to Support Propulsion-Airframe Integration Applications
Francois Cadieux and Cetin Kiris, NASA Ames Research Center, Moffett Field, CA
- Numerical Simulations (and Test Methods) of a Quiet Supersonic Technology (QueSST) Aircraft
Preliminary Design
David Friedlander, Ray Castner and Chris Heath, NASA Glenn Research Center, Cleveland, OH
- Tailor-Mate Supersonic Forebody Inlet Analysis Using Overflow Code
Brock Pleiman and Will Humphreys, Air Force Research Laboratory, Dayton, OH
10:30 BREAK 
10:45 SESSION III—PAI TESTING: TECHNIQUES, RESULTS AND CHALLENGES/NEEDS 
- Boundary-Layer-Ingesting Inlet/Distortion-Tolerant Fan (BLI2DTF) Testing in the 8’x6’
John Wolter, NASA Glenn Research Center, Cleveland, OH
- Vibroacoustic Loads on the Aft Deck and Sidewalls of a Planar Multistream Supersonic Nozzle
Charles Tinney, The University of Texas at Austin, Austin, TX
11:45 PANEL SESSION QUESTION AND ANSWER 
12:15 LUNCH 
- Lunch for PAI-TIM Attendees in the OAI Sunroom
- Boundary-Layer-Ingesting Inlet Flow Control
Lewis Owens, Brian Allan, and Susan Gorton, NASA Langley Research Center, Hampton, VA
- CARL Experimental Results and Challenges
Chase Nessler, Air Force Research Laboratory, Dayton, OH
- W8 Test Plans with Streamvanes
Julia Stephens, Chris Hughes and Mark Celestina, NASA Glenn Research Center, Cleveland, OH
2:30 BREAK 
- Acoustic Considerations for PAI
Dale Van Zante, NASA Glenn Research Center, Cleveland, OH
- Calibration of a Flow Angularity Probe with a Real-time Pressure Sensor
Brock Pleiman, Air Force Research Laboratory, Dayton, OH
- Propulsion-Airframe Integration Flight Test Instrumentation
Stephen Cumming and Hyun Dae Kim, NASA Armstrong Flight Research Center, CA
4:15 PANEL SESSION QUESTION AND ANSWER 
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NASA Aeronautics Context
Propulsion Airframe Integration
Traditional Subsonic “Fixed Wing” Markets
Emerging Aviation Markets
Supersonic
Vertical Lift (VL)
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NASA Aeronautics
NASA Aeronautics Vision for Aviation in the 21st Century 
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T3A ST
NASA Aeronautics Strategic Implementation Plan (SIP)
Mega Drivers and Strategic R&D Thrusts
Safe, Efficient Growth in Global Operations 
 (QDEOHIXOO1H[W*HQDQGGHYHORSWHFKQRORJLHVWRVXEVWDQWLDOO\
UHGXFHDLUFUDIWVDIHW\ULVNV
Innovation in Commercial Supersonic Aircraft 
 $FKLHYHDORZERRPVWDQGDUG
Ultra-Efficient Commercial Vehicles 
 3LRQHHUWHFKQRORJLHVIRUELJOHDSVLQHIILFLHQF\DQG
HQYLURQPHQWDOSHUIRUPDQFH
Transition to Alternative Propulsion and Energy 
 &KDUDFWHUL]HGURSLQDOWHUQDWLYHIXHOVDQGSLRQHHU
ORZFDUERQSURSXOVLRQWHFKQRORJ\
In-Time System-Wide Safety Assurance 
 'HYHORSDQLQWHJUDWHGSURWRW\SHRIDQLQWLPHVDIHW\
PRQLWRULQJDQGDVVXUDQFHV\VWHP
Assured Autonomy for Aviation Transformation 
 'HYHORSKLJKLPSDFWDYLDWLRQDXWRQRP\DSSOLFDWLRQV
T1
T2
T4
T5
T6
T3B VL
Each Strategic Thrust has associated community outcomes 
– targeted impacts at 10, 20, and 30 years out.
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NASA Aeronautics Priorities 
from Congressional Briefing on President’s FY19 Budget Request (February 2018) 
 Focus Topics
± Low Boom Flight Demonstrator
± Subsonic Aircraft Technologies
± Hypersonic Technology
± UAS Traffic Management and Urban Air Mobility
± Air Traffic Management
± System Wide Safety
± Energizing the U.S. Aeronautics Innovation Pipeline
)RFXV7RSLFOLVWLQGLFDWLYH
RI$50'SULRULW\DUHDV
3$,FULWLFDOIRUDOOYHKLFOHV
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Small  
airport 
Weather Tolerant 
Operations 
Market: Large UAS & HALE 
Airport 
Large UAS 
Market: Small / Medium UAS 
Droneport 
Vertiport at airport 
Market: Urban Air Mobility 
Distribution 
Center 
Weather Tolerant 
Operations 
Weather Tolerant 
Operations Large 
UAS 
Supersonic  
Manned  Aircraft 
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Fixed wing 
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Market:  
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 What system?  For this presentation:
± Vehicle system
± Vehicle as a subsystem within the air transportation system
± Vehicle as a system compromised of major subsystems
 airframe, propulsion, control, communication, navigation, …
 Propulsion Airframe Integration
± Integration of two major subsystems that most define what we see as
the aircraft configuration externally, but also includes much that is
internal
 Example: fuel subsystem is internal, integrated within airframe
and propulsion subsystems
± Includes Propulsion Airframe Acoustics (PAA) challenges &
opportunities
Propulsion Airframe Integration
integration of the key subsystems that most define the aircraft
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The Dawn of Propulsion Airframe Integration
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1902 glider
1903 powered flight
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“Current” Propulsion Airframe Integration
Subsonic Transport – under wing pylon mount
ZZZQDVDJRY
Schlosser et al. Chart 5
http://www.aflonext.eu/files/CEAS%202017/
AFLoNext_CEAS2017_DesignTestingFlowControl_Airbus_Dassault.pdf
 Challenge
± Efficient integration
± Propulsion system
growth for efficiency/noise
± Nacelle weight/drag growth
 Design Process Advances
± Isolated wing & nacelle
± Wing with influence of nacelle
± Simultaneous wing/nacelle
± Simultaneous wing/nacelle/fan?
 Design Considerations
± ground clearance, roll,
nose gear collapse,
water ingestion, rotor burst,
loads/aeroelastics, ETOPS,
engine out, full env operability,
fuel system integ, secondary
power extraction & distrib, etc
PAI IS HARD AND GETTING HARDER Figure courtesy Brian Yutko
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Distributed 
Propulsion
Overcoming the PAI Challenge
Subsonic Transport – options
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Overcoming the PAI Challenge
Subsonic Transport – opening a range of future possibilities?
ZZZQDVDJRY
 Sample Configuration Possibilities with unique PAI
 Sample Configuration Possibilities with unique PAI including BLI
± 180 Degree Distortion
± 360 Degree Distortion
%RHLQJ%:% /RFNKHHG0DUWLQ+:% ']\QH%:%
1$6$1;
0,7&DPEULGJH6$;
0,7$XURUD'
%RHLQJ68*$5 1$6$67$5&$%/
%DXKDXV/XIWIDUKW3URSXOVLYH
)XVHODJH
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 Potential Benefits
± Variation, uncertainty in benefit, dependent on application and assumptions
So what about BLI?
Is there really a benefit when considering all the penalities?
ZZZQDVDJRY
,6$%( 1HZUHVXOWVLQ,QWKHUDQJHRIEHQHILW
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 Understanding details and minimizing penalties
± Distortion Tolerant Fan Inlet Flow Conditioning
fan efficiency, weight, ….  forward of or within inlet
See Arend, et al. AIAA 2017-5041  See Owens, et al. AIAA J. of Aircraft
     vol. 45, no.4. pp1431 
± NASA GRC 8x6  NASA LaRC 0.3m TCT
So what about BLI?
Is there really a benefit when considering all the penalities?
ZZZQDVDJRY
Active Flow 
Control Jet 
Locations 
Fan Face 
Rake 
Boundary 
Layer Rake 
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Propulsion Airframe Integration
Safe, Efficient, Quiet Vertical Lift Aircraft
“Traditional” helicopter design is already challenging
and PAI fundamental
Wide range of concepts in development  (Hirshberg, www.vtol.org, January 2018 lists 51!)
up to and including in flight test that are even more challenging
NASA representative suite of reference vertical lift aircraft/missions for research
ZZZQDVDJRY
³&RQFHSW9HKLFOHVIRU$LU7D[L2SHUDWLRQV´E\:-RKQVRQ&6LOYDDQG(6ROLV$+6
$HURPHFKDQLFV'HVLJQIRU7UDQVIRUPDWLYH9HUWLFDO/LIW6DQ)UDQFLVFR-DQ
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Propulsion Airframe Integration
Civil Supersonic Aircraft
Practical civil supersonic
aircraft are emerging
Full vehicle shaping including
PAI is critical for quiet,
efficient supersonic flight 
NASA Low Boom Demonstrator
and several other aircraft 
concepts in development
heading towards flight test
ZZZQDVDJRY
NASA Low Boom Flight Demonstrator
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Concluding Remarks
 Exciting times in Traditional and Emerging Aviation Markets
± Many opportunities … many challenges
± Modern technology/capabilities lead to expanded design/trade space (but the
devil is in the detail)
 NASA Aeronautics working on PAI Challenges and exploring
opportunities across vehicle classes
± External and internal integration challenges
± Complexity of design, test, and analysis grows
± Subsonic FW: PAI challenges may drive configuration change
 Vehicle-integrated BLI-propulsion warrants further study 
± Subsonic VL:  PAI challenges in breadth and complexity
 of new configurations
± Supersonic:    PAI challenges inherent in low boom and
 conventional designs
ZZZQDVDJRY
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Copyright 2018, Lockheed Martin Corporation. All rights reserved.
Lockheed Martin: 
Propulsion-Airframe Integration 
Challenges
30 May 2018
Justine Li
Propulsion-Airframe Integration Technical 
Interchange Meeting (PAI-TIM)
&OHYHODQG2+
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Preface
Advanced vehicle design with increasing capability depends 
on limited, relevant reliable data for increasingly complex 
systems
Lockheed Martin leverages experience in air vehicle design 
and integration to improve capability
P-80 F-104 D-21B SR-71
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Ÿ
Historical Perspective
(estimated)
+79
LM Skunk Works builds upon 75 years of air vehicle design
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Major Challenges of Advanced Vehicle Design
Air Vehicle Capability
 Speed, Altitude
 Range, Endurance
 Payload
Propulsion System
 Engine
 Inlet
 Nozzle
Air Vehicle Systems
 Structures, Loads
 Materials
 Thermal management
 Fuel, Power
 Lift, Drag
Increased air vehicle capability increases system dependencies
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SR-71 Blackbird (M3+)
 Pratt & Whitney J-58
Propulsion System and Integration
F-104 Starfighter (M2+)
 General Electric J79
Courtesy Surber & Tinapple, 2012
Courtesy Surber & Tinapple, 2012
N
A
SA
/C
P—
2018-219955
23
Copyright 2018, Lockheed Martin Corporation. All rights reserved.
SR-71 Blackbird (M3+)
 Titanium and composite
construction
F-104 Starfighter (M2+)
 Conventional
all-aluminum construction
Air Vehicle Systems: Structures, Materials
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SR-71 Blackbird (M3+)
 Thermal Management:
Bypass air & Fuel heat
exchanger
 Power generation:
two 60 kVA generators
 INS & ANS,TACAN
 UHF radio
 Optical/IR systems
 ELINT & ECM
 ASARS-1
F-104 Starfighter (M2+)
 Thermal Management:
Bypass air
 Power generation:
two 20 kVA generators
 INS,TACAN
 UHF radio
Air Vehicle Systems: Subsystems
NAS-14V2
Astroinertial
Navigation System
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Air Vehicle Capability
F-104
SR-71
Advanced vehicle capability more sensitive to system complexity 
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Challenges to Address
Collaboration will advance the state of the art
Near term challenges
 High temperature apertures
 High temperature actuators
 Additive manufacturing
Long term challenges
 High Mach turbine engines
 High temperature seals
 Regenerative power generation
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Conclusion
Future air vehicle capabilities depend on increased 
propulsion, other vehicle discipline advancements, and 
understanding their interactions
Lockheed Martin is positioned to extend the capability of 
high-speed future aircraft
F-104 SR-71 Future Aircraft
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%ULHILQJ2EMHFWLYH	2XWOLQH
3URYLGHDSHUVSHFWLYHYLVLRQRQIXWXUHDLUYHKLFOHV\VWHPV
UHTXLUHPHQWVDQGWKHFKDOOHQJHVOHYLHGRQSURSXOVLRQDLUIUDPH
LQWHJUDWLRQWRHQDEOHWKRVHIXWXUHDLUYHKLFOHFDSDELOLWLHV
	

 %DFNJURXQG	+LVWRU\
 9LVLRQ6\VWHPV&DSDELOLWLHV
 &DSDELOLW\3UHVVXUHVRQ3URSXOVLRQ
 3URSXOVLRQ,QWHJUDWLRQ6SHFLILF&KDOOHQJHV
 $Q([DPSOH5HVSRQVHWRWKH&KDOOHQJHV
 'LVFXVVLRQ	4XHVWLRQV
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9LVLRQIRU)XWXUH6\VWHPV
 0RUHFDSDEOHV\VWHPV
± &RQWLQXHWRLPSURYHPLVVLRQ	
V\VWHPVOHYHOSHUIRUPDQFH
± (PEHGGHGSURSXOVLRQZLOOEH
NH\WRPRVWFDSDEOHV\VWHPV
± 0RUHHOHFWURQLFV\VWHPV	
SD\ORDGVZLOOGULYHLQWHJUDWLRQ
RISRZHUWKHUPDODQGSURSXOVLRQ
± ,QWHJUDWLRQRIFRPPHUFLDOO\
GHYHORSHGWXUELQHVPRWRUV
 0RUHV\VWHPVDWORZHUFRVW
± 6PDOOHUV\VWHPVWKDWSURYLGHVRPH
IUDFWLRQDOFDSDELOLW\RIODUJH8$6
± /HVVVRSKLVWLFDWHGDLUYHKLFOH
UHTXLUHPHQWVVSHFLDOL]HGIXQFWLRQV
± 2SHUDWHLQWHDPVRUVZDUPVRIV\VWHPV
± 5HTXLUHVDIIRUGDEOHDLUIUDPHSURSXOVLRQ
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)XWXUH$GYDQFHG0LOLWDU\&DSDELOLW\3UHVVXUHV
WKDW:LOO,PSDFW3URSXOVLRQ,QWHJUDWLRQ
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 7KHUPDOHIILFLHQF\LPSURYHPHQWV
 $HURG\QDPLFHIILFLHQFLHV'DHUR
 &\FOHRSWLPL]DWLRQ%\SDVV,QFUHDVHV
 0DWHULDOV$OOR\V&0&V&RPSRVLWHV
 6HDOV	EHDULQJVIRUKLJK235¶V
 /RZORVVORZGLVWRUWLRQLQOHWVGHVLJQHG
ZLWKKHDY\&)'XVH
 ,QOHWHQJLQHFRPSDWLELOLW\WHVWLQJPHWKRGV
 /HYHUDJLQJRIFRPPHUFLDOWHFKQRORJ\
 +LJKHU6SHFLILF3RZHU*HQHUDWRUV
 2LO	&RROLQJ6\VWHPV
 %HWWHU3RZHU(OHFWURQLFV
 %HWWHU(QJLQH&RQWUROV
 3RZHUDYDLODEOHUHDFKLQJOLPLWVRUKDV
RQPXOWLSOHSODWIRUPV
 /RZVSRROSRZHUQHHGVPLOLWDU\VSHFLILF
 7KHUPDOPDQDJHPHQWPD\QHHGWREH
LQWHJUDWHGZLWKSURSXOVLRQGXHWRPDQ\
UHDOZRUOGPLVVLRQOLPLWDWLRQV
 7KHUPDOHIILFLHQF\OLPLWDWLRQVDUH
DV\PSWRWLQJ FKRRVHYROXPHRUZHLJKW
 0LOLWDU\V\VWHPV)35VDUHGLYHUJLQJ
PRUHIURPFLYLOSRZHUSODQWV
 9ROXPHWULFLQWHJUDWLRQRIKLJKHUE\SDVV
WXUELQHVLVOLPLWHGE\FRQILJXUDWLRQ
 :HLJKWRIYDULDEOHV\VWHPVFDQEHKLJK
 +$/(V\VWHPVQHHGPRUHWKUXVWDQG
SRZHUDWDOWLWXGH
 3URSXOVLRQGULYHVYHKLFOHFRQILJXUDWLRQV
 $GYDQFHGFRQILJXUDWLRQVQHHGWREH
SURYHQDQGIOLJKWWHVWHG
 %RWKWHFKQRORJLHVDQGFRQFHSWVDUHQHZ
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 &RPSXWDWLRQDO0RGHOLQJ
 'LJLWL]DWLRQRI7HVWLQJ
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)XWXUH9HKLFOH5HTXLUHPHQWV3URSXOVLRQ
,QWHJUDWLRQ'HULYHG5HTXLUHPHQWV
 *UHDWHUPLVVLRQUDGLXVHQGXUDQFHDQGSD\ORDGFDSDELOLWLHV
± &RQWLQXHGGHPDQGIRULQFUHDVLQJUDQJHDQGSHUVLVWHQFHKLJKLQOHWSHUIRUPDQFH
± %HWWHUVSHFLILFUDQJHWRUHGXFHORJLVWLFVIXHOFRVW	EXUGHQHPEHGGHGORZ)35IDQV
± $V\PSWRWLQJ HQJLQHWKHUPDOHIILFLHQF\LQWHJUDWLRQSURSXOVLYHHIILFLHQF\ী)
 *UHDWHUPLVVLRQFDSDEOHV\VWHPUHTXLUHPHQWV
± 0LQLPL]HYROXPHLQWHJUDWLRQFKDOOHQJHVFRPSDFWLQOHWV
± ,QWHJUDWLRQRIORZSUHVVXUHUDWLRIDQVDGYDQFHGLQOHW	IDQFRPSDWLELOLW\GHVLJQWHVW
 6XSSRUWIRU;SRZHUDQGWKHUPDOPDQDJHPHQWH[WUDFWLRQUHMHFWLRQ
± 3RZHUQHHGVJURZLQJIRU90&¶V/58¶VHWFDWWKHVDPHWLPHHOHFWURQLFPLVVLRQ
V\VWHPVDUHPLQLDWXUL]LQJLQFUHDVLQJSRZHUGHQVLW\OHDGLQJWRPRUHKLJKHUSRZHU
V\VWHPVWKDWFDQEHYROXPHWULFDOO\LQWHJUDWHGLQWRDLUFUDIWKHDWUHMHFWLRQYLDE\SDVV
± (J'LVWULEXWHGRU+\EULG(OHFWULFV\VWHPVSRZHU	WKHUPDOLQWHJUDWLRQ
± 'LUHFWHGHQHUJ\V\VWHPVGHSOR\PHQWSRZHU	WKHUPDOLQWHJUDWLRQ
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1*$SSURDFK7RZDUGV(QDEOLQJ(QJLQH,QOHW
&RPSDWLELOLW\IRU)XWXUH6\VWHPV
7RWDO3UHVVXUH'LVWRUWLRQ
 6OLJKWXQGHUSUHGLFWLRQE\1*$6SUREH
IRU,'&
 *UHDWDJUHHPHQWEHWZHHQ1*$6DQG
ILYHKROHSUREHUHVXOWVIRU,'5
6ZLUO$QJOHDQG'LVWRUWLRQ
 1*$6VZLUODQJOHVFORVHO\PDWFKILYH
KROHSUREHUHVXOWV
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7KH8QPDQQHG6\VWHPV5HYROXWLRQ«
$SSURYHGIRU3XEOLF5HOHDVH1RUWKURS*UXPPDQ$HURVSDFH6\VWHPV&DVH$SSURYHGIRUSXEOLFUHOHDVH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Overview of the NASA STARC-ABL (Rev. B) 
Advanced Concept
Jason Welstead – PI, Aeronautics Systems Analysis
Jim Felder – Propulsion Systems Analysis
Mark Guynn – Aeronautics Systems Analysis
Bill Haller – Propulsion Systems Analysis
Mike Tong – Propulsion Systems Analysis
Scott Jones – Propulsion Systems Analysis
Justin Gray – Propulsion Systems Analysis
Irian Ordaz – Aeronautics Systems Analysis
Jesse Quinlan – Aeronautics Systems Analysis
Brian Mason – Structural Mechanics
Sydney Schnulo – Propulsion Systems Analysis
Ajit Sil – Propulsion Systems Analysis
May 30, 2018
N
A
SA
/C
P—
2018-219955
43
Concept Germination
SUGAR VOLT SUGAR Freeze N3X
AIAA-2013-4402
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STARC-ABL Rev. B* Concept Description
• STARC-ABL: Single-aisle Turboelectric AiRCraft with Aft Boundary Layer propulsion
– Conventional single aisle tube-and-wing configuration
– Twin underwing mounted N+3 geared turbofan engines with attached generators on fan
shaft
– Ducted, electrically driven, boundary layer ingesting tailcone propulsor
• Summary of changes from Rev. A to Rev. B
– Design cruise Mach number increased from 0.7 to 0.785
– Modified wing sweep angle to accommodate increased Mach number
– Using NASA Glenn N+3 geared turbofan model (core limited to 2.5 lbm/sec)
– Empirical estimates for propulsion weight replaced by WATE++ analysis
– Improved weight estimates of thermal management system
– Onboard voltage increased from 750 to 1000 volts
– Underwing engine fan pressure ratio decreased from 1.45 to 1.3
– Leveraged coupled aero-propulsive analysis for capturing BLI effects
– Modified mission constraints to provide comparable performance to N3CC
*STARC-ABL Rev. A published in AIAA SciTech 2016 paper (AIAA-2016-1027)
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Design Mission Summary
• N+3 (EIS 2035) reference mission assuming improved operations and
reduced taxi time.
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Component Spec Pwr/Wt Efficiency
Generator 8.0 hp/lb 96%
Motor 8.0 hp/lb 96%
Inverter 11.6 hp/lb 98%
Rectifier 11.6 hp/lb 98%
Cable 3.9 kg/m 99.6%
STARC-ABL Rev. B Power System Architecture
 1.25 FPR Electric Fan
 3500 HP (2.61 MW) motor
 74 inch fan
 1.3 FPR engines
 1984 HP (1.48 MW)
generator
 62 inch fan
 88.2% efficient transmission
 1000 Volt electrical system
1/3 Cruise 
Thrust
1/3 Cruise 
Thrust
Electrical Component Assumptions
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Propulsion System Concept Description
• Normal conduction (non-superconducting) electrical system
• Max 3500 HP to BLI propulsor and throttled back with underwing engines
• Underwing engine fan pressure ratio of 1.30
• Core flow limit set to 2.5 lbm/sec
• BLI propulsor fan pressure ratio of 1.25
• N+3 technology assumptions on propulsion architecture
Underwing GenFan Tailcone Propulsor
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System Performance Comparison
STARC-ABL
Rev B2.0
N3CC
Rev. B2.0 Delta
Wing Area (trap) ft^2 1130 1120 1.4%
Span ft 118 118 Fixed
Aspect Ratio - 12.3 12.4 -1.4%
Sweep (LE) deg 29 29 Fixed
Wing Loading lb/ft^2 118.7 120.5 -1.5%
Empty Weight lb 73890 73170 1.0%
Operating Empty Weight lb 78510 77780 0.9%
Zero Fuel Weight lb 109310 108580 0.7%
Takeoff Gross Weight lb 134740 134880 -0.1%
Excess Specific Power ft/min 480 440 10.4%
Time to Climb min 26.4 21.7 21.7%
Thrust (Sea Level Static) lb/eng 21410 21660 -1.1%
Altitude (Start of Cruise) ft 37280 36400 2.4%
CL (Start of Cruise) - 0.601 0.585 2.6%
Cruise Mach Number - 0.785 0.785 Fixed
L/D (Start of Cruise) - 21 20.7 1.6%
Takeoff Length ft 8190 8190 0.0%
Landing Length ft 6050 6120 -1.1%
Approach Velocity knots 148 149 -0.7%
TSFC (Start of Cruise) lb/hr/lb 0.468 0.480 -2.6%
Design Mission BF lb 22550 23360 -3.4%
Economic Mission BF lb 6240 6410 -2.7%
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• Each propulsion system sized to meeting rolling takeoff and climb thrust requirements
• Sized propulsion systems are similar in sea level static thrust
N3CC Rev.
B2.0
(43,320 lb)
STARC-ABL 
Rev B2.0
(42,830 lb)
Turbofans (2) 12,010 8100
Rectifier (2) - 330
Generator (2) - 480
Tailcone w/ gearbox - 1830
Electric motor - 440
Inverter - 300
Cable - 440
Circuit protection - 110
Thermal management - 150
Nominal total 12,010 lb 12,190 lb
Installation weight 5% 5%
Sized SLS thrust 43,320 lb 42,830 lb
Engine scaling 0% 0%
Sized total 12,610 lb 12,800 lb
Propulsion System Weights
SLS Thrust
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Quick Summary of Rev. B Results
• Significant reductions in system fuel burn
– 2.6% reduction in start of cruise (SOC) TSFC
– 2.7% reduction in economic mission block fuel
– 3.4% reduction in design mission block fuel
– Fuel burn reduced compared to N3CC RevB 2.0 results
• Fuselage propulsor details
– Only a portion of the fuselage kinetic energy defect is ingested
– BLI propulsor placed at most aft fuselage position
– Driven by an all-electric motor with max power of 3500 HP
– Electrical system modeled assuming ~12% total system losses
• Partially turboelectric system is not a large weight penalty
– Downsizing of underwing engines enabled by turboelectric offsets the
weight addition of electrical components and tailcone propulsor
• Cable size/weight can become prohibitive if onboard voltage too low
• Electric system specific power based upon current AATT NRA efforts
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Observed Trends
• Eliminating electrical transmission losses results in ~4% fuel burn
improvement
• STARC-ABL benefits a function of underwing turbofan technology
– As the underwing engine efficiency improves the benefits of distribution
decrease due to dominating transmission losses
– STARC-ABL fuel burn benefits grow if N+3 engine technology assumptions
are too aggressive
• Wing circulation has significant impact on amount of ingested fuselage
boundary layer
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Related AATT Investments on Enabling Technologies for 
STARC-ABL
Unconventional PAI
(Tailcone Thruster)
SPM: Chris Hughes
Hybrid Gas-Electric 
Propulsion
SPM: Amy Jankovsky
Compact High OPR Gas 
Generator
SPM: Jim Walker
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Summary of Current and Near Term AATT Research Efforts
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 Continued systems analysis of STARC-ABL Concept (Rev. B)
o Improved propulsion system weight modeling
o Increased design cruise Mach to 0.785
o Better estimate of TMS requirements and weights
o Higher order analysis (CFD, FEA, etc.)
 Analysis of a Single-aisle non-electric distributed propulsion concept
o Turbine powered tailcone thruster
o Explore the question, “What does electric give you?”
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 Wind tunnel model design for transonic wind tunnel test
o Obtain data for benchmarking computational tools for BLI analysis
o Quantify the BLI effect from a tailcone propulsor
o Investigate impact of propulsor on aft fuselage flow
o Inform advanced concept system studies with BLI
 Target test date for powered model is currently FY20
 A series of risk reduction tests are being explored in support of the
powered test
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Questions?
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D8 CFD Overview: An Aerodynamics Study 
of Boundary Layer Ingestion Benefit
+
Overview of Tail Cone Thruster WT Test
Shishir A. Pandya 
Computational Aero-sciences Branch 
NASA Ames Research Center
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PAI-TIM, NASA GRC, May 30-31, 2018
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ESAero Proprietary – ECO-80 
Concept

+*#6.1+*/
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• :,NH.%(%/0+.1+*I
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/
20130014003.pdf
Credit: Aurora Flight Sciences – used with 
permission
https://www.bauhaus-luftfahrt.net/de/topthema/propulsive-fuselage/
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B737—>D8
 Our Focus: BLI
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BLI
Engine
Integration
B737 Slow to M=0.72
D8 fuselage,
Pi tail
Podded
engines
Optimize
Engines Newer
Engines
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Uniform pressure jumpBody force
Static Pressure
at 12,657 rpm Po,1 / Po,∞
Experiment 171 138 1.509
Body Force Model 172 133 1.491
7,808 rpm 12,657 rpm
Experiment 
(phase-avg.)
Experiment 
(mean of phase-avg.)
Simulation 
(body force model)
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Rotor wake survey:
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• 90% efficient transmission
• 1000 Volt electrical system
• 1.25 FPR Electric Fan
• 3500 HP (2.6 MW) motor
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Baseline 
Configuration
Flow-through 
Nacelle 
Configuration
Powered 
Configuration
Test Condition 
Parameters
Mach 0.5 – 0.82
Angle of Attack +/- 3 
degrees
Tunnel stagnation pressure
Propulsor RPM (throttle)
Ames 11’ 
UPWT
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536 HP
25000 RPM
1352 in-lb
(113 ft-lb)
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Development of a Robust Distortion 
Tolerant Low-Pressure-Ratio Fan for 
Boundary-Layer-Ingesting Engines
$SSURYHGIRU3XEOLF5HOHDVH
Dr. William T. Cousins
United Technologies Research Center
East Hartford, CT  USA
NASA Propulsion-Airframe Integration Technical Interchange Meeting
NASA-Glenn Research Center, Cleveland, OH
May 30 - 31, 2018
Robust Design for Embedded Engine Systems
NASA Advanced Air Transport Technology Project
N
A
SA
/C
P—
2018-219955
91
$FNQRZOHGJHPHQWV
Results discussed in this presentation represent almost 
10 year of dedicated research effort funded by NASA 
(focal point-David Arend) for the design execution at 
UTRC (3 principal investigators- Razvan Florea, Greg 
Tillman and Bill Cousins). A large number of 
researchers, designers and experimentalists contributed 
to the success of this program. The support of these 
contributors along with the senior managements at 
UTRC and NASA is gratefully acknowledged.
The work presented here will be published in a NASA 
Contractor Report (NASA CR) entitled “Robust Design 
for Embedded Engine Systems”
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%/,3URSXOVRU7HFKQRORJ\*HQHVLVDQG$SSOLFDWLRQV
)XWXUH%/,$LUFUDIW
1''
&UHGLW1$6$0,7$XURUD)OLJKW6FLHQFHV
&RPPRQ$LUFUDIWZ1$6$¶V(5$3URMHFW
1$(;7(+\EULG:LQJ%RG\$LUFUDIW&UHGLW8QLWHG7HFKQRORJLHV5HVHDUFK&HQWHU1$6$
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$VFHQW
&UHGLW1$6$
67$5&$%/
7HFKQRORJ\
3RWHQWLDOO\
$SSOLFDEOH7R
$SSURYHGIRU3XEOLF5HOHDVH
N
A
SA
/C
P—
2018-219955
93
Boundary Layer Ingesting PropulsionConventional Propulsion
0UU BLI,in conv,jU0UU conv,in  conv,jBLI,j UU 
7KUXVWLV0DLQWDLQHG
:LWK5HGXFHG3RZHU
,QSXW'XHWR+LJKHU
3URSXOVLYH(IILFLHQF\
)RU&RQVWDQW7KUXVWDQG
$LU)ORZDQG5HGXFHG
,QOHW9HORFLW\-HW9HORFLW\
0XVW'HFUHDVH
5HI3ODV$3Performance of a Boundary Layer Ingesting Propulsion System067KHVLV0,7
3ODVHWDOPerformance of a Boundary Layer Ingesting (BLI) Propulsion System$,$$3DSHUS
3URSXOVLRQ%HQHILWVRI%RXQGDU\/D\HU,QJHVWLRQ
$SSURYHGIRU3XEOLF5HOHDVH
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)XHO%XUQ%HQHILWV2EWDLQHGIURP%RXQGDU\/D\HU,QJHVWLRQ
1EHQHILWVSDFHDGGUHVVHGLQSUHVHQWSURJUDP
$SSURYHGIRU3XEOLF5HOHDVH
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6\VWHP6WXGLHV'HILQHG7HFKQRORJ\1HHGV
 +LJK/HYHO6\VWHP6WXG\6LJQLILFDQW6\VWHP/HYHO
EHQHILWVFDQEHDFKLHYHGaIXHO%XUQIRU+:%$LUFUDIW
 %HQHILWVRQWKHRUGHURIaSRVVLEOHIRUFRQILJXUDWLRQV
ZLWKODUJHULQJHVWHGGUDJIUDFWLRQV
 %HQHILWVZLWKLQWKHUDQJHRIWKRVHUHSRUWHGE\SUHYLRXV
LQYHVWLJDWRUVOLPLWLQJWKHRUHWLFDOPD[LPXPEHQHILWGHVFULEHG
E\'WKHRU\RI6PLWK
 )XHOEXUQUHGXFWLRQEHQHILWVFRPSDUHGDJDLQVWDQDGYDQFHG
WHFKQRORJ\EDVHOLQHSURSXOVLRQV\VWHP
3\ORQ0RXQWHG%35 )35 8+%7XUERIDQ
5HI+DUGLQHWDOAircraft System Study of Boundary Layer Ingesting Propulsion$,$$3DSHUS
2FKV66HWDOCFD-Based Analysis of Boundary Layer Ingesting Propulsion$,$$3DSHUS
6PLWK/+Wake Ingestion Propulsion Benefit$,$$-RXUQDORI3URSXOVLRQDQG3RZHU9RO1R-DQ)HESS
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'HVLJQ*RDOV
 'HVLJQDQGGHOLYHUDGLVWRUWLRQWROHUDQWIDQWRSHUIRUPLQWKHERXQGDU\
OD\HULQJHVWLRQHQYLURQPHQWIRUDGHPRQVWUDWLRQWHVWLQWKH1$6$¶[¶
ZLQGWXQQHO
9 3HUIRUPGHVLJQDWVHDOHYHO0DFKFRQGLWLRQV
9 0HFKDQLFDOLQWHJULW\LVDWRSSULRULW\
9 3HUIRUPDQFHDQGVWDELOLW\EHKDYLRUPXVWEHFRQVLGHUHG
 ,QOHWIDQURWRUDQG(*9PXVWEHGHVLJQHG
$SSURYHGIRU3XEOLF5HOHDVH
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'HVLJQ&KDOOHQJHV
6RPHLWHPVRXWVLGH³QRUPDO´GHVLJQVSDFHPXVWEHFRQVLGHUHG
$SSURYHGIRU3XEOLF5HOHDVH
 0DQ\HOHPHQWVLPSDFWWKHRSHUDWLRQRID%/,SURSXOVLRQV\VWHP
 &KDUDFWHULVWLFVRILQFRPLQJVZLUODQGWRWDOSUHVVXUHGLVWRUWLRQ
 /DUJHIDQLQFLGHQFHDQJOHYDULDWLRQ
 )HDWXUHVUHTXLUHGWRPHHWDHURPHFKDQLFV	VWUXFWXUDOFRQFHUQV
 ,QOHWWRWDOSUHVVXUHORVVHV
 3HUIRUPDQFHRIWKHIDQ(*9DQGGXFWFRPSRQHQWV
 ,QOHWDQGIDQLQWHJUDWHGGHVLJQUHTXLUHG
 +LJKG\QDPLFIORZLPSDFWRQWKHIDQGHVLJQ
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'HVLJQ3DWK)ROORZHG
6RPHDVSHFWVRIWKHGHVLJQSDWKDUHXQLTXH
$SSURYHGIRU3XEOLF5HOHDVH
 'HVLJQDORZORVVLQOHW
 %HJLQGHVLJQZLWKDEDVLF³UHIHUHQFH´EODGH
 'HVLJQWKH(*9DQGIORZSDWKWRDVVLVWLQVPRRWKLQJWKHH[LWLQJGLVWRUWLRQ
 ([DPLQHWKHLQWHJUDWHGLQOHWURWRU(*9GHVLJQ
 'HVLJQIRUWKHG\QDPLFUHVSRQVHRIWKHIDQURWRU
N
A
SA
/C
P—
2018-219955
99
Program Evolution
3URJUDPHYROYHGDVOHDUQLQJ	WRROFDSDELOLW\SURJUHVVHGRYHUWLPH
Program
Start
-7'
ZPLGVSDQ
VKURXG
7XUELQH
FKDQJH
UHTXLUHGIRU
VDPH
RSHUDWLQJOLQH
1$6$WLS
WXUELQHIDQ
7',
&RPSOHWH
UHGHVLJQ
UHTXLUHGGXH
WRRSHUDELOLW\
OLPLWDWLRQV
3	:$HUR
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VKURXG
*IDQ
XQVKURXGHG
Redesign 
decision after 
Research 
Design Review
1HZEODGH
GHVLJQHGIRU
RYHU
KRXUVRI+&)
OLIHDW$'3
3HUIRUPDQFH
GURSWRPHHW
PHFKDQLFDO
FRQVWUDLQWV
5HFRJQLWLRQ
WKDWVROLGLW\
FRXOGEH
LQFUHDVHG
1RWGRQHGXH
WRSURJUDP
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FRQVWUDLQWV
aKRXUV
RI+&)OLIH
DW$'3
0DLQIRFXVRQ
VWUXFWXUDO
LQWHJULW\
)LQDO,QOHW
/' 
PDQDJHGGLVWRUWLRQSURILOH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,QOHW'HVLJQ
)LQDOGHVLJQVKDSHGWRSURYLGHRSHUDWLRQDOGLVWRUWLRQSDWWHUQ
2ULJLQDO,QOHW³$´
'HVLJQHG%/,,QOHW
Low Pressure
$SSURYHGIRU3XEOLF5HOHDVH
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'LVWRUWLRQ,QWHQVLW\DQG,QFLGHQFH6ZLQJDUH6LJQLILFDQW
0D[LPXP9DOXHV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5HIHUHQFH%ODGHLQ%/,(QYLURQPHQW1RW$FFHSWDEOH
,QOHWUHILQHPHQWIRUGLVWRUWLRQVKDSLQJKDGDPDMRULQIOXHQFH
$SSURYHGIRU3XEOLF5HOHDVH
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³6WDQGDUG´%ODGH0RGLILHGWR$FFRPPRGDWH'LVWRUWLRQ
8QLTXHIHDWXUHVLPSOHPHQWHGWRGHYHORS³GLVWRUWLRQWROHUDQWEODGH´
$SSURYHGIRU3XEOLF5HOHDVH
 8QGHUSODWIRUPVWUHVVPDQDJHGE\
GRYHWDLODGMXVWPHQWV
 6KRWSHHQLQJIRUVWDWLFVWUHVV
UHGXFWLRQ
 0RGLILHGOHDGLQJ	WUDLOLQJHGJHIRU
KLJKLQFLGHQFH	0DFKQXPEHU
GLVWULEXWLRQ
 &DPEHU	WKLFNQHVV
GLVWULEXWLRQPDQDJHG
 7LSFKRUGUHGXFHGIRU
VWUXFWXUDOWROHUDQFHWR
ORDGLQJVKLIWV
 '\QDPLFGHVLJQWKURXJK
FDPEHU	ZRUNGLVWULEXWLRQ
 %ODGHVWDFNLQJPRGLILHG
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Rapid Loading Changes Require Unique Dynamic Design
Blade designed to stall and recover on every revolution, due to incidence swing
Typical range of stalling behavior
Approved for Public  Release
Distortion tolerance of the airfoil 
can be enhanced through control of 
the reduced frequency and thus the 
time constant of the airfoil response
Ref.  Cousins, W. T., “A Theory for the Prediction of Compressor Blade Aerodynamic 
Response”, AIAA Paper AIAA-98-3308, presented at the 34th AIAA/ASME/SAE/ASEE 
Joint Propulsion Conference & Exhibit, Cleveland, OH, July 13-15, 1998.
Blade leading edge Blade trailing edge
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Duplicate of Page 15 showing excursion of D-factor w/blade position
Blade leading edge Blade trailing edge
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Blade leading edge Blade trailing edge
Duplicate of Page 15 showing excursion of D-factor w/blade position
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5HVXOWLQJ%ODGH,QOHW,QWHJUDWHG'HVLJQZLWK'\QDPLFV
0HFKDQLFDOGHVLJQFULWHULDDFKLHYHGDQGG\QDPLFRSHUDWLRQVDWLVILHG
$SSURYHGIRU3XEOLF5HOHDVH
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6WUHVV/HYHO&ULWHULD0HWZLWK,QWHJUDWHG'HVLJQ
$SSURYHGIRU3XEOLF5HOHDVH
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%RXQGDU\/D\HU,QJHVWLQJ,QOHW'LVWRUWLRQ7ROHUDQW)DQ7HVW$UWLFOH
NASA 8’x6’ Supersonic Wind Tunnel
(6.5’x6’ Embedded Propulsor Test Bed Configuration)
%RXQGDU\/D\HU
,QJHVWLQJ,QOHW
'LVWRUWLRQ7ROHUDQW)DQ6WDJH
8OWUD+LJK%\SDVV
5DWLR)DQ'ULYH5LJ
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 %/,3URSXOVRU2SHUDELOLW\
³*RRG´$ZD\)URP
&DPSEHOO&URVVLQJV
 5REXVWQHVVRI'LVWRUWLRQ
7ROHUDQW)DQ'HPRQVWUDWHG
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Motivation
WHY
• Growing interest in advanced concepts with highly integrated propulsion systems and
highly coupled aero-propulsive effects for improved fuel efficiency
• Technical gap for conceptual design and system level assessment of vehicle
• Application-specific and low-fidelity analysis tools do not adequately capture the
physics of these more complex problems
WHAT
• Develop in-house aero-propulsive analysis and design framework with capabilities that
facilitate application during conceptual and preliminary design
• Flexible, scalable, and multi-fidelity higher order analysis
• Reduce time investment to setup the problem by leveraging automation when possible
• Conceptual geometry definition (i.e., minimally OpenVSP)
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Overview of Tools
• Geometry modeling: OpenVSP
• Surface mesh: OpenVSP
• Propulsion: NPSS
• Volume mesh: AFLR2 and AFLR3
– Unstructured planar, surface and volume mesh generation
software
– Advancing Front/Local reconnection
• CFD analysis: FUN3D
– Unstructured inviscid, laminar, and turbulent solver
– Gradient-based mesh adaptation
• Post-Processing: Excel and Tecplot
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Overview of ModelCenter Framework
ModelCenter provides tools for
• Convergence
• Parametric studies
• Design of experiments
• Numerical optimization
• Data visualization
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• Flexible and geometry agnostic
• Parametric deformation within ModelCenter framework with OpenVSP plugin
• OpenVSP ‘CFD mesh’ or other high quality surface mesh
• Must meet requirements for body-fitted unstructured volume mesh
Conceptual Geometry / Surface Mesh Generation
Parametric definition 
with OpenVSP plugin
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• Flexible and geometry agnostic
• Parametric deformation within ModelCenter framework with OpenVSP plugin
• OpenVSP ‘CFD mesh’ or other high quality surface mesh
• Must meet requirements for body-fitted unstructured volume mesh
Conceptual Geometry / Surface Mesh Generation
OpenVSP
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• Automatically partition boundary surface
• Unlimited number of power / non-power boundary conditions
• Ensure proper force book keeping
• Label and group newly partitioned surfaces
Surface Boundary Partitioning
Core
Bypass
Fan
Unpartitioned
Partitioned
N
A
SA
/C
P—
2018-219955
120
Volume Mesh Generation
• Process automated with in-house tool
• Unstructured and mixed element
• Far-field boundary mesh generated with AFLR2
• Volume mesh generated with AFLR3
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Volume and Boundary Layer Grid
• Grid spacing calculator integrated for fully viscous and wall functions
• Initial grid spacing set explicitly and spacing is allowed to grow geometrically
• Automated management of boundaries
– Inviscid and viscous
– Solid and transparent/embedded surfaces
Transparent 
Surface
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Post-Processing of Aero-Propulsive 
Analysis Results
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Post-Processing of Aero-Propulsion System
• Automated force and moment book keeping based on standardized surface
naming convention and input boundary conditions
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Post-Processing of Aero-Propulsion System
• Automated force and moment book keeping based on standardized surface
naming convention and input boundary conditions
• Net thrust
• Inlet pressure recovery
• Circumferential distortion (DC) and sector with worst distortion
• Area- and mass-averaged FUN3D flow parameters at pre-specified boundary
surfaces
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Fan Distortion Calculation
Representative CFM56 fan face in 
inviscid flow, Mach 0.8, and AoA of 
2°
Nondim
Total Pressure
• Based on the SAE circumferential distortion descriptor (DPCP) defined by the
Aerospace Recommended Practice (ARP) 1420 standard*
• Experimental measurements from flow samples along concentric rings on the engine
aerodynamic interface plane (AIP)
• FUN3D implementation based on the average of flow properties for all grid faces which
lie on the AIP
– Discretization of distortion is directly dependent on the underlying mesh
– Ordaz, I., Rallabhandi, S. K., Nielsen, E. J., and Diskin, Boris. "Mitigation of Engine Inlet
Distortion through Adjoint-Based Design", 35th AIAA Applied Aerodynamics Conference,
AIAA 2017-3410.
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Adjoint-Based Mesh Adaptation
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Adjoint-Based Mesh Adaptation (Drag)
• ModelCenter driven with minimum inputs
• Reduce error in CL, CD, L/D, DC
• Reduce meshing workload
• Ability to control adaptation mechanics
• NPSS CFM56 engine model
• Drag decreases by 7% of the non-adapted mesh
Convergence of error in CD for a
representative CFM56 engine
CD integrated
over engine 
OML excluding 
BC surfaces
Inviscid flow
Mach 0.8
AoA 2°
Net thrust 5,400 lbf
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Adjoint-Based Mesh Adaptation (Drag)
Original Mesh
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Adjoint-Based Mesh Adaptation (Drag)
Adapted Mesh
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• Fan mass flow of 550 lbm/s
• Initial mesh size is 36.5 million tetrahedral cells
• 5 adaptation cycles with maximum element anisotropy restriction of 10
• Reduce the error in fan distortion calculation associated with mesh discretization
• Distortion approximately double that of the non-adapted mesh
Adjoint-Based Mesh Adaptation (Distortion)
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Adjoint-Based Mesh Adaptation (Distortion)
36.5 million tetrahedral cells 241 million tetrahedral cells
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Verification of Automated
FUN3D RANS Analysis Process
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IBLI Tail-Cone Thruster BL Verification
• Altitude 36,000 ft and AoA 0°
• Case 1: Mach 0.5, Re/L 1.13 million,
mass flow 375 lbm/s, net thrust 5,778
lbf
• Case 2: Mach 0.785, Re/L 1.78
million, mass flow 400 lbm/s, net
thrust 3,935 lbf
• Fully viscous to wall
• Initial grid spacing located at y+=0.5
• Prescribed mesh (no adaptation)
Fan face BC: Ps/Ps
Fan exit BC: mass flow
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IBLI Tail-Cone Thruster BL Verification
0   1 2     3
Mach contours for Mach 0.5 case
Case 1: Mach 0.5
Case 2: Mach 0.785
LAVA analysis was conducted at 
NASA Ames in response to TCT 
verification effort
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Approach for Aero-Propulsive Analysis 
and Performance Coupling
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• Analysis convergence vs performance convergence
• Iterative convergence of analyses through feedback of inlet pressure recovery
• Iterative convergence of vehicle performance through engine throttling or scaling
• Engine models calculate flow parameters at specified boundary condition
Aero-Propulsive Analysis/Performance Coupling
Powered 
Aero Analysis
Engine 
Initialization
Propulsion 
Analysis
Analysis
Convergence
Performance
Convergence
L1
L2
L3
L4
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• L1:
• L2:   Inlet pressure recovery (ratio of total pressure at fan face w.r.t. free-stream
static pressure) calculated from CFD analysis
Aero-Propulsive Analysis Coupling
Powered 
Aero Analysis
Engine 
Initialization
Propulsion 
Analysis
Analysis
Convergence
Performance
Convergence
L1
L2
L3
L4
A. Inflows - Ratio of static pressure at fan face w.r.t. free-stream static pressure
B. Outflows - Mass flow or ratios or total pressure and temperatures w.r.t. static
free-stream pressure and temperature at nozzle plenum
C
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• L3:   Engine thrust setting or engine scale
• L4:   Vehicle net forces and moments
Aero-Propulsive Performance Coupling
Powered 
Aero Analysis
Engine 
Initialization
Propulsion 
Analysis
Analysis
Convergence
Performance
Convergence
L1
L2
L3
L4
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Analysis and Performance Convergence of 
Business Jet (MTA450) with Aft Fan
N
A
SA
/C
P—
2018-219955
140
Aero-Propulsive Analysis Convergence
• MTA450 initially developed for CAS and loosely based on Gulfstream G450
• Powered main engines representative of Rolls Royce Tay-651 engine
• Mach 0.8, altitude 21,500 ft, AoA 2°, and aft fan mass flow of 400 lbm/s
• Inviscid (Euler) FUN3D analysis
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Aero-Propulsive Analysis Convergence
N
A
SA
/C
P—
2018-219955
142
Aero-Propulsive Analysis Convergence
18% decrease 
in net thrust
N
A
SA
/C
P—
2018-219955
143
• Steady level flight condition at Mach 0.8, altitude 21,500 ft, and AoA 2°
• Main engine power (PC) and aft fan mass flow varied to achieve zero excess thrust
• Analysis convergence of aft fan is also performed at each performance iteration
Aero-Propulsive Performance Convergence
Negative Aft Fan 
Net Thrust
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Aero-Propulsive Analysis Convergence 
of STARC-ABL Configuration
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Aero-Propulsive RANS Analysis Convergence
• Geometry is based on STARC-ABL (vb2_20170425) with a modified inlet and nozzle
• Mach 0.785, altitude 37,000 ft, AoA 2.4°, fan power 3,500 hp, mass flow 348 lbm/s
• FUN3D RANS analysis with Re/L 1.7 million
• Nozzle exit area is adjusted to produce approximately 2,000 lbf of net thrust
• Inflow condition (fan face) specifies static pressure ratio w.r.t freestream pressure
• Outflow condition (fan exit) specifies mass flow
Gross thrust 
contribution
Ram drag 
contribution
Nondim
Total Pressure
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Aero-Propulsive RANS Analysis Convergence
FanSim Input Pr: 1.0
FUN3D Calculated Pr: 0.9163
FanSim Input Pr: 0.9163
FUN3D Calculated Pr: 0.9151
FanSim Input Pr: 0.9151
FUN3D Calculated Pr: 0.9148
• Inlet pressure recovery used as feedback/coupling variable
• Inflow and outflow mass flow discrepancy in FUN3D is less than 2 lbm/s
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• Solution is well behaved and analysis convergence is achieved in few iterations
• Inlet pressure recovery converges quickly to 0.9148 and net thrust of 2,370 lbf
• Gross thrust is approximately constant at 10,678 lbf
- Inflow and outflow conditions are not coupled in FUN3D
- Coupling enforced by the 1D fan model when analysis is converged
Aero-Propulsive RANS Analysis Convergence
~40% variation 
in net thrust
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Fan Distortion Analysis
• Sector angle is 60, number of radii is 50 and number of azimuths is 73
• Distortion (DC60) is 0.0696 and worst sector is 180º located in wake of vertical tail
• Nondimensional total pressure at the fan varies between 0.78 and 1.08
0º
180º
Nondim
Total Pressure
Worst Sector
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Summary
• ModelCenter framework has been developed to allow higher order analysis and
design of aircraft concepts that exhibit high aerodynamic and propulsion coupling.
- Reduce workload required by the designer during the setup of CFD meshing and analysis through
the use of automation when possible
- Rapid evaluation of a greater number of concepts which is critical during conceptual design
- Leverage the iteration and optimization methods in ModelCenter to achieve convergence
between the aerodynamics and propulsion system
• Inviscid (Euler) and viscous (RANS) analysis of aircraft concepts with any number of
powered engines
• Adjoint-based mesh adaptation used to reduce error in CL, CD, L/D, and DC
• Calculation of propulsion performance from the CFD solution
- Net thrust
- Engine mass flow
- Mass- and area-weighted averages of flow parameters at all engine boundary
conditions, fan face distortion, and inlet pressure recovery
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Summary
• Aero-propulsion problem decomposed into an analysis and a performance iteration
- Analysis iteration performed to converge the interaction between the aerodynamics and
propulsion system using inlet pressure recovery as the feedback variable
- Performance convergence achieved by scaling and/or throttling the propulsor to achieve a desired
net vehicle force
- Convergence process successfully demonstrated for a representative business jet (MTA450) and
STARC-ABL concepts with integrated BLI fans
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Weaknesses and Future Work
• Design optimization with coupled aero-propulsion analysis using finite difference to
calculate design gradient is not practical
• Propulsion design sensitivities needed for more efficient adjoint-based design
• Improve grid quality of the surface mesh by complementing OpenVSP with Pointwise
as an alternative surface mesh generator
– Anisotropic meshing in Pointwise allows better representation of the geometry with fewer number of
surface triangles
– OpenVSP will still be used as the geometry modeler to output an IGES/STEP file
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NASA’s STARC-ABL adds a turbo-electric BLI
tail cone thruster (TCT) to a conventional airframe
Coupled Aero-Propulsive Design Optimization Of a BLI Propulsor
electric motor
A generator is attached to the
low-speed spool on each
under-wing engine
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We performed studies on the effects of propulsion system sizing on a
BLI TCT aircraft configuration using efficient gradient based
optimization of fully coupled aeropropulsive models.
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Aerodynamics are modeled in ADflow, a RANS CFD solver
with an adjoint developed by the University of Michigan
Based on the SUmb solver of van der
Wiede et al. [AIAA 2006-0421]
Parallel, finite-volume, cell-centered,
multiblock, RK-NK solver for RANS
Equations
Spalart-Allmaras turbulence model
Adjoint developed using algorithmic
differentiation (AD) to evaluate partial
derivatives
Full turbulence adjoint
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Geometry is handled by two different approaches:
Free form deformation or OpenVSP
FFD is used for a simplified 2D
axisymmetric model
OpenVSP is used for the full 3D
configuration
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Propulsion model is built with pyCycle, a 1D cycle analysis
library with analytic derivatives developed at NASA Glenn
Uses the same physics as NPSS with CEA thermo package
Developed with the OpenMDAO software stack
Partial derivatives computed via hand differentiation, and uses
OpenMDAO to compute the total derivatives
High Pressure
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Low Pressure 
Shaft
Generator 
Load
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Low Pressure 
Compressor
High Pressure
Compressor Combustor
High Pressure 
Turbine
Low Pressure 
TurbineSplitterFlow Start Inlet Fan Core Nozzle
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is used to assemble the coupled model
and compute coupled derivatives for optimization
Open-source framework,
specializing in efficient
gradient based MDO
Parallel execution and
distributed memory via MPI
Can compute coupled
derivatives for an arbitrarily
complex multidisciplinary
model with 1000’s of
components and millions of
degrees of freedom
MN, alt F ∗net
Optimizer Xnacelle, Xshape, p
FF
s , p
FE
t
∗
, T FEt
∗
FPR Pwr
∗
shaft p
FE
t
∗
, T FEt
∗
G(le), G(te) ADflow m˙FF, pFFt , T FFt m˙FEaero, m˙FFaero Fnet
Pwrshaft PyCycle Pwrshaft pFEt , T
FE
t
R(Pwr) Pwrshaft − Pwr∗shaft = 0
R(B.C.)
m˙FEaero − m˙FFaero = 0
pFEt
∗ − pFEt = 0
T FEt
∗ − T FEt = 0
R(Fnet) Fnet − F ∗net = 0
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For BLI propulsion systems, aeropropulsive interaction is a primary
effect that can only be captured with fully coupled models
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To study the basic aeropropulsive interactions,
the STARC-ABL configuration is simplified
Loosely based on 737 fuselage dimensions
Removed wing, tail, and under-wing engines to simplify the analysis
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Geometric shape changes are done via free form
deformation (FFD)
fine shape changes along the aft fuselage, nacelle, and plug are
made via motion of individual control points
propulsor can be resized by rigidly moving all the nacelle control
points together
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Very inexpensive aerodynamic model that
captures the central aeropropulsive effects
≈ 170,000 cell mesh
solution time
≈ 2 minutes
aeropropulsive
coupling through
powered boundary
conditions
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Uncoupled analysis over predicts
inlet total pressure recovery
podded
1.0
0.94
0.93
0.90
0.87
Inlet total pressure recovery is a critical propulsion performance parameter
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Surface pressure distributions on the aft fuselage are
affected by presence of the propulsor
This causes propulsion sizing and throttle dependent CL,CD ,CM
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Throttle-dependent pitching moment was observed in
wind-tunnel testing of the D8 aircraft
“During the tests, the model angle of attack was found to change when the
propulsor power was varied, through compliance of the force balance, due to
lift-producing changes in the flow around the nacelles and reduced pressure on the
top aft fuselage of the BLI configuration.”
Coupled Aero-Propulsive Design Optimization Of a BLI Propulsor
Alejandra Uranga, Mark Drela, Edward Greitzer, Neil Titchener, Michael Lieu, Nina Siu, Arthur Huang, Gregory M. Gatlin, and
Judith Hannon. “Preliminary Experimental Assessment of the Boundary Layer Ingestion Benefit for the D8 Aircraft,” 52nd
Aerospace Sciences Meeting, AIAA SciTech Forum, (AIAA 2014–0906)
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Aeropropulsive coupling creates a large and complex design space.
Gradient based optimization is the most efficient tool to navigate that
design space, enabling the use of a fully coupled model for design.
102 103 104
Number of Design Variables
103
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Computational Cost vs # of Design Variables
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Multiple design optimizations for different BLI propulsor sizes showed
that the overall propulsion system sizing depends heavily on
power transmission efficiency (ηtrans)
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The optimization problem, with 316 design variables and
11 constraints, was run to a specified C net∗Fx
Variable/Function Description Quantity
minimize Pwrshaft Propulsor shaft power
with respect to FPR Fan pressure ratio 1
Xnacelle Global nacelle shape variables 3
Xshape Nacelle and fuselage local shape variables 308
pFFs Static pressure at the fan face 1
Pwr∗shaft Propulsor shaft power target 1
pFE∗t Total pressure target at the fan exit 1
T FE∗t Total temperature target at the fan exit 1
Total 316
subject to C netFx = C
net∗
Fx
Specified net force on full body 1
Rm˙ = 0 Mass Residual 1
RPwr = 0 Propulsor shaft power residual 1
R
pFEt
= 0 Total pressure residual 1
R
TFEt
= 0 Total temperature residual 1
.9 < G(le) < 2 Leading Edge Thickness 3
.9 < G(te) < 2 Trailing Edge Thickness 3
Total 11
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Optimizations were performed on both
podded baseline and BLI configurations
Optimizations between podded and BLI
configurations were compared for the same Cnet∗Fx
26 optimizations were run, 13 on each
configuration at different values of Cnet∗Fx
The ratio of shaft powers needed to achieve the same net force on the
entire body is used to compute a power saving coefficient
PSC =
PwrPodshaft   PwrBLIshaft
PwrPodshaft
.
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The BLI propulsor uses between
9.3% and 20.2% less power depending on C net∗Fx
25 0 -156
CFx × 104
0.202
0.167
0.093
PSC
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Accounting for ηtrans allowed us to
estimate overall propulsion system performance
Traditional power transmission is roughly 90% efficient
Advanced traditional power transmission could reach 95% efficiency
Superconducting technology could boost efficiency to 98%
Coupled Aero-Propulsive Design Optimization Of a BLI Propulsor
A generator is attached to the
low-speed spool on each
under-wing engine
electric motor
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At cruise, STARC-ABL will use between
1% and 4.6% less power than the baseline
15.3 34.3 77.3
PwrBLI/Pwrtot × 100
−1
0
1
2
3
4
5
6
PSC
1% ηtrans = 0.9
2.5%
ηtrans = 0.95
4.6%
ηtrans = 0.98
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The optimal shape changes for different sized propulsors,
highlighting the importance of leveraging optimization
Coupled Aero-Propulsive Design Optimization Of a BLI Propulsor
ηtrans = .98
ηtrans = .95
ηtrans = .90
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While 2D aerodynamics can model the fundamental aeropropulsive
interaction, 3D aerodynamics models are necessary to accurately
capture the full aeropropulsive effects
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Geometry generation is done via a VSP model, using
finite-differences to compute partial derivatives derivatives
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3D aerodyanmic analysis built a 6 million cell
overset mesh
Wing shape was pre-optimized for mimimum drag
with 5 point stencil around cruise (MN 0.785, 37000 ft)
Solutions take ≈ 10-15 minutes on 400 cores
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Distortion is computed using a
smoothed version of the ARP-1420 standard
κi = pˆt
i p¯t i
p¯t i
compute one κi for each ring
κˆ = KS(κi )
Coupled Aero-Propulsive Design Optimization Of a BLI Propulsor
Gaetan K. Kenway and Cetin C. Kiris. “Aerodynamic Shape Optimization of the STARC-ABL Concept for Minimal Inlet
Distortion”, 2018 AIAA/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, AIAA SciTech Forum,
(AIAA 2018-1912)
Irian Ordaz, Sriram K. Rallabhandi, Eric J. Nielsen, and Boris Diskin. “Mitigation of Engine Inlet Distortion through
Adjoint-Based Design”, 35th AIAA Applied Aerodynamics Conference, AIAA AVIATION Forum, (AIAA 2017-3410)
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BLI propulsor thrust is modeled in ADflow via a body-force
model, and fan efficiency is modeled in pyCycle
ADflow
pyCycle
p¯, V¯ , m˙, A
Newton
Flow
Average
Fan
Polytropic η
Atmosphere
Performance Pwrshaft,NPR
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The full model is composed of 4 “disciplines”
mach, altitude mach, altitude, ηtrans
Optimizer XDV FBLI
VSP Preprocessing Xshape
gCL , ggeom, gFnet ADflow [pfft ] PwrBLI, m˙, V¯ , p¯,A
gdistortion ARP1420 Distortion
PwrBLI-shaft, gNPR pyCycle: BLI Fan
VSP preprocessing component provides a more physical
parameterization for the geometry
[pfft ] is an array of 150 pressures from the 30x5 computational rake
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Finding the minimum shaft power required for a specified
F ∗net yields the most efficient BLI propulsor for a given size
Variable/Function Description Quantity
minimize PwrBLI-shaft Shaft power required for the BLI propulsor
with respect to FBLI BLI propulsor body-force applied 1
Xshape Fuselage and propulsor nacelle shape variables 25
Total 26
subject to CL = 0.5 Lift coefficient at cruise 1
0.99 < ggeo < 3.0 Geometric thickness constraints 10
NPR > 1.65 Nozzle pressure ratio constraint 1
Fnet = F
∗
net Required net force on the body 1
Total 14
F ∗net is a positive quantity representing the total thrust required from the
underwing engines for steady cruise
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Three values for F ∗net were considered:
9000 N, 11000 N, 13000 N
Coupled Aero-Propulsive Design Optimization Of a BLI Propulsor
9000 N
11000 N
13000 N
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We ran optimizations at the same three F ∗net values,
with and added distortion constraint
Variable/Function Description Quantity
minimize PwrBLI-shaft Shaft power required for the BLI propulsor
with respect to FBLI BLI propulsor body-force applied 1
Xshape Fuselage and propulsor nacelle shape variables 25
Total 26
subject to CL = 0.5 Lift coefficient at cruise 1
0.99 < ggeo < 3.0 Geometric thickness constraints 10
NPR > 1.65 Nozzle pressure ratio constraint 1
Fnet = F
∗
net Required net force on the body 1
κˆ < .035 aggregated distortion metric 1
Total 15
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1.5% reduction in distortion can be achieved
with ≈ 1% increase in shaft power
unconstrained κ constrained
F∗net (N) FPR κ (κˆ) Pwrshaft (kW) FPR κ (κˆ) %∆Pwrshaft
9000 1.233 0.0440 (0.0447) 3646.5 1.236 0.0300 (.0350) 1.2
11000 1.271 0.0430 (0.0430) 3176.7 1.308 0.0301 (.0350) 0.9
13000 1.286 0.0403 (0.0413) 2623.3 coming soon!
κ constraint forces a slight increase in FPR,
which causes the increase in of the shaft power
some shape changes to the inlet and aft-fuselage shape
also help make the flow more uniform
Coupled Aero-Propulsive Design Optimization Of a BLI Propulsor
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The distortion constraint forces a more oval inlet
to spread out the low-pressure zone at the fan-face
Coupled Aero-Propulsive Design Optimization Of a BLI Propulsor
unconstrained κ constrained
9000 N
11000 N
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The next step is to add in a detailed under-wing engine model built in
pyCycle and optimize the full propulsion systems for different assumed
values of ηtrans
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Conclusions
Fully coupled models are necessary, but require gradient
based optimization to efficiently explore the design space
2-D aerodynamics are useful to study the aeropropulsive
interactions, but 3-D aerodynamics are necessary for
realistic performance predictions
Aeropropulsive coupling has a strong impact on overall
propulsion system design for BLI concepts
Coupled Aero-Propulsive Design Optimization Of a BLI Propulsor
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Questions?
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COMPUTATIONAL STRATEGIES TO SUPPORT 
PROPULSION-AIRFRAME INTEGRATION APPLICATIONS
Francois Cadieux 
Cetin Kiris
Computational 
Aerosciences
Branch, NASA 
Ames Research 
Center
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Challenges of PAI
3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ7HFKQLFDO,QWHUFKDQJH0HHWLQJ0D\
3URSXOVLRQDQG
DLUIUDPHQRLVH
$FWLYHIORZFRQWURO
8QVWHDG\ORDGVDQGIDWLJXH
3UHGLFWLQJ	RSWLPL]LQJ
HIILFLHQF\SHUIRUPDQFH
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Choosing the Right Strategy
3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ7HFKQLFDO,QWHUFKDQJH0HHWLQJ0D\
	
 DQDO\VLV )LGHOLW\FKDQJHVZLWKGHVLJQVWDJH
 &RQFHSWXDOSUHOLPLQDU\GHWDLOHGGHVLJQ
 3HUIRUPDQFHDQDO\VLVYHUVXVQRLVH
SUHGLFWLRQ
 *ULGSDUDGLJP
 *ULGJHQHUDWLRQWLPH
 %RXQGDU\OD\HUUHVROXWLRQ
 'HOLYHULQJ³RQWLPHDQGRQEXGJHW´
 8QGHUVWDQGFRPSXWDWLRQDOUHT¶V RI
GLIIHUHQWWRROV
 /LPLWVFRSHRIWUDGHVWXGLHVGHVLJQ
RSWLPL]DWLRQVDQGDHURGDWDEDVHV
	 3UHGLFWLRQ
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Choosing The Best Grid Paradigm
3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ7HFKQLFDO,QWHUFKDQJH0HHWLQJ0D\
 +LJKTXDOLW\ERG\ILWWHGJULGV
 /RZFRPSXWDWLRQDOFRVW
 5HOLDEOHKLJKHURUGHUPHWKRGV
 *ULGJHQHUDWLRQODUJHO\PDQXDO
DQGWLPHFRQVXPLQJ
 $XWRPDWLFJULGJHQHUDWLRQZLWK
$GDSWLYH0HVK5HILQHPHQW
 /RZFRPSXWDWLRQDOFRVW
 5HOLDEOHKLJKHURUGHUPHWKRGV
 1RQERG\ILWWHG 5HVROXWLRQRI
ERXQGDU\OD\HUVLQHIILFLHQW
 3DUWLDOO\DXWRPDWHGJULGJHQHUDWLRQ
 %RG\ILWWHGJULGV
 *ULGTXDOLW\FDQEHFKDOOHQJLQJ
 +LJKFRPSXWDWLRQDOFRVW
 +LJKHURUGHUPHWKRGV\HWWRIXOO\
PDWXUH
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Launch, Ascent, and Vehicle Aerodynamics (LAVA)
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Recent Examples of Performance Analysis, Design 
Optimization and Noise Prediction with LAVA
3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ7HFKQLFDO,QWHUFKDQJH0HHWLQJ0D\ 
7KHUPDO3URWHFWLRQ
0DWHULDOV
&RQWUD5RWDWLQJ2SHQ5RWRU3URSXOVLRQ/DQGLQJ*HDU$FRXVWLFV
;ZLWK3URSXOVLRQ7DLOFRQH 7KUXVWHU)RU+\EULG(OHFWULF$LUFUDIW67$5&$%/
8$6QRLVHSUHGLFWLRQ
8$6QRLVHSUHGLFWLRQ
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HIGH FIDELITY VISCOUS STEADY 
DESIGN OPTIMIZATION
From conceptual to detailed design
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Aeropropulsive Optimization of 
STARC-ABL with OpenMDAO
3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ7HFKQLFDO,QWHUFKDQJH0HHWLQJ0D\
2SWLPL]HG
)35 
3RZHU 0:
%DVHOLQH
)35 
3RZHU 0:
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Propulsor Modeling
Actuator zone body force source term:
 Equations solved are consistent in space, only add momentum and energy source
 Different models for different level of fidelity:
 Constant thrust or mass flow rate
 Torque: Goldstein optimum radially varying tangeantial force
 2D blade element theory with specified loading or airfoil table
 David Hall model if blade shape and RPM is known
 Stators can be modeled with zone with no thrust and torque in opposite direction
 Input thrust and torque can be tied to NPSS output or other engine model
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STARC-ABL Shape Optimization 
To Reduce Inlet Distortion
3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ7HFKQLFDO,QWHUFKDQJH0HHWLQJ0D\
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Tail Cone Thruster (TCT) Wind Tunnel Support
3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ7HFKQLFDO,QWHUFKDQJH0HHWLQJ0D\
7ZRURZSLQERXQGDU\OD\HUWKLFNHQHU
+RUVHVKRHYRUWH[VWXG\
0DWFKWRWDOSUHVVXUHDWUDNHORFDWLRQV
:HDUHDEOHWRPDWFKWDUJHWERXQGDU\OD\HU
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HIGH FIDELITY VISCOUS STEADY 
PERFORMANCE ANALYSIS
From preliminary to detailed design
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X-57 Electric Research Aircraft
3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ7HFKQLFDO,QWHUFKDQJH0HHWLQJ0D\
 Predict X-57 performance for a variety of
flight scenarios and propulsion
configurations
 Validate CFD with wind tunnel
experiments and across solvers
 Help aircraft designers at Armstrong
with detailed design of flight
demonstrator
8QVWUXFWXUHGPHVK 6WUXFWXUHGRYHUVHWPHVK
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X-57 Propulsion Performance
3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ7HFKQLFDO,QWHUFKDQJH0HHWLQJ0D\

/$9$&XUYLOLQHDU
/$9$8QVWUXFWXUHG
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Goal
 Perform validation of CFD with different propulsion models in BLI configurations using
comparisons with the experiment
Progress Summary
 Generated an overset, structured grid system
 Ran initial flow-through case for reference
 Ran initial powered case using a 3D actuator zone and targeting the experimental mass flow
rate 9LHZRIWKH:KROH*ULG6\VWHP ,QWHUQDO*HRPHWU\
BLI2DTF: Predicting Fan Face Distortion
3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ7HFKQLFDO,QWHUFKDQJH0HHWLQJ0D\
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 &RPSDULVRQVDUHEHWZHHQIORZWKURXJKDQGSRZHUHGFDVHZLWKWKHPDVVIORZ
WDUJHWHGWROEVOEVFRUUHFWHG
 7KHILJXUHVEHORZDUHSORWVRIWKHWRWDOSUHVVXUHUDWLRDWWKHIDQIDFH
BLI2DTF: Predicting Fan Face Distortion
3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ7HFKQLFDO,QWHUFKDQJH0HHWLQJ0D\
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BLI2DTF: Predicting Fan Face Distortion
3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ7HFKQLFDO,QWHUFKDQJH0HHWLQJ0D\ 
 &RPSDULVRQVDUHEHWZHHQIORZWKURXJKDQGSRZHUHGFDVHZLWKWKHPDVVIORZWDUJHWHGWR
OEVOEVFRUUHFWHG:LOOFRPSDUHZLWKH[SHULPHQWRQFHZHPDWFKJHRPHWU\
 %HORZSORWVDUHVOLFHVWKURXJKWKHFHQWHUOLQHRIWKHQDFHOOHZLWKWKHWRWDOSUHVVXUHUDWLRWHDOOLQHV
DUHZKHUHWKHDFWXDWRU]RQHVWDUWVDQGHQGV
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PROPULSION AND AIRFRAME 
NOISE PREDICTION
Toward detailed design
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Predicting Noise: Open Rotor
3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ7HFKQLFDO,QWHUFKDQJH0HHWLQJ0D\
*(8')SURSIDQGHPRQVWUDWRUHQJLQH
LQVWDOOHGRQ0'WHVWEHGDLUFUDIW[
0RGHUQFRQWUDURWDWLQJRSHQURWRU
HQJLQHGHVLJQIURP&)0[
WDNHQIURP(QYLD$,$$
1$6$& 1$6$&
[/RZ6SHHG:LQG7XQQHO [6XSHUVRQLF:LQG7XQQHO
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*ULG5HILQHPHQW6WXG\IRU0 
+LJK6SHHG0 
/RZ6SHHG0 
(DFKER[FRQWDLQV JULGSRLQWV
6WUXFWXUHG&DUWHVLDQ$05
):+
9RUWLFLW\
Numerical Schlieren of Unsteady Flow Field
3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ7HFKQLFDO,QWHUFKDQJH0HHWLQJ0D\
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Experimental Validation of Open Rotor Noise
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Investigating Installation Effects
3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ7HFKQLFDO,QWHUFKDQJH0HHWLQJ0D\
6HHGFRORUV
 *UHHQ 3\ORQ(GJH
 5HG  ):'%ODGH(GJHV
 %OXH $)7%ODGH(GJHV
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Investigating Installation Effects
3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ7HFKQLFDO,QWHUFKDQJH0HHWLQJ0D\
9
FWH
1
FWH Surface:
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Predicting Urban Air Mobility Noise
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Predicting SUI Isolated Rotor Noise
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Experimental Validation of SUI Rotor Noise Predictions
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Resolving Broadband Noise with LBM
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Summary
3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ7HFKQLFDO,QWHUFKDQJH0HHWLQJ0D\
 Different PAI challenges call for different strategies
 LAVA strives to provide flexibility
 Structured curvilinear overset approach:
 High-fidelity viscous performance analysis (X-57)
 Tonal noise predictions (SUI rotor)
 Design optimization (STARC-ABL, TCT)
 Unstructured approach:
 High-fidelity viscous performance analysis (X-57)
 Cartesian AMR approach:
 Tonal noise predictions (open rotor, SUI)
 Broadband noise predictions (landing gear)
 It pays off to invest in new technologies like Lattice-Boltzmann
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Experimental Validation of Open Rotor Noise
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
Low Boom Flight 
Demonstrator
 Preliminary design
vehicle
 Single pilot x-plane
 Mach 1.43
 Replicate sonic boom of
commercial aircraft
 Propulsion shielded by
airframe
 Top centerline inlet
challenges
 Diverter-less bump inlet
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
8- by 6- Foot Supersonic Wind
Tunnel Model Description
 Aerodynamic and propulsion
 C607 and C608 inlet
configurations
 Key features:
 Long nose
 Canards
 Camera fairing
 Vortex generators
 Centerline top mounted
diverter-less bump inlet
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
Propulsion-airframe integration 
testing
 Performance largely unknown for 
this top-mounted supersonic inlet
 CFD prediction uncertainty
 Needs drove model to 9.5% scale
 Largest full vehicle in 8x6 SWT
 3-inch diameter inlet
 Reynolds number 4 times lower than 
flight
 CFD performed at both flight and 
wind tunnel conditions 
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
Model
 Four vortex generator configurations
 Two inlet types, C607 and C608
 40-probe AIP array, steady-state
 Calibrated mass-flow plug
 Air ejector for subsonic operation
 Angle of attack:
 supersonic -2 Ț to 5 Ț
 transonic -2 Ț to 8 Ț
 subsonic -4 Ț to 14 Ț.
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
Summary/Conclusions
 Top mounted inlet performance
critical to vehicle preliminary design
 Full vehicle plus inlet model was a
successful approach, 9.5% scale
 Inlet Data was successfully collected:
 Supersonic recovery and distortion
were insensitive to ɲ
 Sensitive at ɴ = - 2 Ț
 Dramatically affected by vortex
generators
 High subsonic performance, except
for the static condition
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5HVXOWV± 6WDWLRQ/RFDWLRQV
 &RQFHUQHGZLWKWKHFHQWHUOLQHSUHVVXUHPHDVXUHPHQWVDW
WKHFDPHUDIDLULQJDQGLQOHWEXPSUHJLRQV
1XPHULFDO6LPXODWLRQVDQGWHVW0HWKRGV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RID4XLHW6XSHU6RQLF 7HFKQRORJ\4XH667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$LUFUDIW3UHOLPLQDU\'HVLJQ
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5HVXOWV± 1XPEHURI$GDSWDWLRQ&\FOHV
1XPHULFDO6LPXODWLRQVDQGWHVW0HWKRGVRID4XLHW6XSHU6RQLF 7HFKQRORJ\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5HVXOWV± 1XPEHURI$GDSWDWLRQ&\FOHV
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
5HVXOWV± $GDSWDWLRQ(UURU(VWLPDWH
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
6XPPDU\
 $4XH667 DLUFUDIWSUHOLPLQDU\GHVLJQZDVVLPXODWHGXVLQJ
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
&RQFOXVLRQV3DUW
 ,WZDVVKRZQWKDWWKHUHLVDKLJKXQFHUWDLQW\DVVRFLDWHG
ZLWKWKHVH&)'VLPXODWLRQVDVWKH\ZHUHQRWVKRZQWREH
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 ZKHWKHUWKHDGMRLQWPHVKUHILQHPHQWZDVXVHGYVPDQXDOJULG
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
&RQFOXVLRQV3DUW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%/,'7)7HVWLQJLQWKH[¶
-RKQ':ROWHU
1$6$*OHQQ5HVHDUFK&HQWHU
3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ7HFKQLFDO
,QWHUFKDQJH0HHWLQJ
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2YHUYLHZ
 0RWLYDWLRQV
 7KH%/,'7)([SHULPHQW2YHUYLHZ
 7XQQHO&DOLEUDWLRQ
 5RWDWLQJ5DNH$UUD\V
 /HVVRQV/HDUQHG
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Northrop Grumman B-2
Credit:  USAF /  MSgt Val Gempis
Lockheed Martin F-35
Credit:  USAF /  MSgt Donald R. Allen
Boeing 777
Credit:  Public Domain / Adrian Pingstone
Boeing MD-10
Credit:  CC BY-SA 2.0 / Tomas Del Coro
Boeing F-18E/F
Credit:  US Navy
7KH&XUUHQW6WDWHRI3URSXOVLRQ$LUIUDPH,QWHJUDWLRQ
LV«
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Boeing MD-10
Boeing 777
Credit:  Public Domain / Adrian Pingstone
Northrop Grumman B-2
Credit:  USAF /  MSgt Val Gempis
Credit:  CC BY-SA 2.0 / Tomas Del Coro
Lockheed Martin F-35
Credit:  USAF
Boeing F-18E/F
Credit:  US Navy
%RXQGDU\/D\HU$YRLGDQFH'LYHUVLRQDQG5HPRYDO
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%RXQGDU\/D\HU,QJHVWLRQ%HQHILWVDQG$SSOLFDWLRQ
&RPPRQ$LUFUDIWZ1$6$¶V(5$3URMHFW
1$(;7(+\EULG:LQJ%RG\$LUFUDIW &UHGLW8QLWHG7HFKQRORJLHV5HVHDUFK&HQWHU1$6$
%HFDXVHDYHUDJHLQOHW
YHORFLW\LVORZHUIRU%/,MHW
YHORFLW\LVDOVRORZHUZKHQ
WKUXVWDQGDLUIORZDUHIL[HG
%/,RIIHUVVLJQLILFDQW
	 HIILFLHQF\DQGIXHO
EXUQEHQHILWVUHODWLYHWR
FRQYHQWLRQDOSURSXOVLRQ
2XUUHIHUHQFHFRQILJXUDWLRQZDVWKH1$
(;7(+:%DLUFUDIWEXWRWKHUFRQILJXUDWLRQV
FRXOGEHQHILWIURP%/,
1''
&UHGLW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%RXQGDU\/D\HU%OHHG
5DLVHG7HVW6HFWLRQ)ORRU
%/,'7)7HVW$UWLFOH
7HVW6H
FWLRQ3R
URVLW\
1$6$¶[¶6XSHUVRQLF:LQG7XQQHO
¶[¶7UDQVRQLF%/,7HVW%HG&RQILJXUDWLRQ
5DLVHG)ORRU
5RXJKQHVV
%RXQGDU\/D\HU,QJHVWLQJ,QOHW'LVWRUWLRQ
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0DFK
%/7KN LQ
)DQ ([LW*XLGH9DQHV,QOHW
+LJKUHVSRQVH
9DULDEOH$UHD
1R]]OH
8+%'ULYH5LJ
H[LVWLQJ,QOHW3UH(QWU\
'LIIXVLRQ5DPS
,QWHJUDWHG%/,'7)7HVW$UWLFOH
$HURG\QDPLF
,QWHUIDFH3ODQH
5RWDWLQJ5DNH
$UUD\$,355$
)DQVWDJH([LW
5RWDWLQJ5DNH
$UUD\)(55$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0RGLILHG7HVW6HFWLRQ&DOLEUDWLRQV
 0HDVXUHG3W7W XVLQJ
IXOOVSDQUDNHDW
VHYHUDOD[LDODQG
YHUWLFDOVWDWLRQV
 0HDVXUHGERXQGDU\
OD\HU3W RQIORRUZDOOV
FHLOLQJ
Roughness Pins Survey Rake Positions
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5HTXLUHG)UHHVWUHDP)ORZ'LVWULEXWLRQ$FKLHYHG
 8QLIRUP&RUH)UHHVWUHDP7RWDO3UHVVXUH
DQG7RWDO7HPSHUDWXUH
 6FDWWHULQ] ´7RWDO3UHVVXUH'LVWULEXWLRQ
'XHWR%RXQGDU\/D\HU(GJH
 1HDU:LQG7XQQHO:DOO7RWDO7HPSHUDWXUH
*UDGLHQWV:HUH/DUJHU7KDQ([SHFWHG
Roughness Pins Survey Rake Positions
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7KH$GLDEDWLF(IILFLHQF\0HDVXUHPHQW&KDOOHQJH
 :KHQIDQVWDJHSUHVVXUHUDWLRV3DQGVWDJHWHPSHUDWXUHUDWLR
V7DUHFORVHWRXQLW\PHDVXUHPHQWRIDGLDEDWLFHIILFLHQF\
EHFRPHVFKDOOHQJLQJ
 $FFXUDWHPHDVXUHPHQWRIHQWUDQFHH[LWFRQGLWLRQVLVFULWLFDO
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 5RWDWLQJ5DNH$UUD\V55$VPHDVXUHG37 VWHDG\DQG
G\QDPLF7736DQJXODULW\ĺSUHVVXUHWHPSHUDWXUH
UDWLRVVWDJHHIILFLHQF\PDVVIORZ
 +LJKGDWDGHQVLW\DFKLHYHGWKURXJKURWDWLRQVDQGSUREH
DUUDQJHPHQWV)(55$UDGLDO[FLUFXPIHUHQWLDO
PHDVXUHPHQWV$,355$37 [
 0RGXODU55$VFDQEHUHPRYHGIURPULJDQGUDNHVFDQEH
UHPRYHGUHSODFHG
 ´GXFWGLDPHWHU
D$HURG\QDPLF,QWHUIDFH3ODQH55$E)DQVWDJH([LW55$
5RWDWLQJ5DNH$UUD\V
AIPRRA 
Rakes (2 types)
FERRA Rakes 
(4 types; PT and TT
reversed on types 
not shown)
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)(55$376LPXODWHG6XUYH\5HVXOWV
³6SLNHV´DSSHDULQGDWDDWFLUFXPIHUHQWLDO
PHDVXUHPHQWV
5DNHV 5DNHV
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6XUYH\5HVXOWV
6XUYH\VZHUHWDNHQDWRSHUDWLQJFRQGLWLRQV
QRQVXUYH\³VQDSVKRWV´ZHUHUHFRUGHG
70 %
95%
100%
102.5% Corrected 
Fan Speed
87.5%
85%
80%
Aerodynamic Design Point 
(ADP)
$ $" % %"    "   
#"(
##(
#%(
$ (
$!(
$"(
$#(
$%(
	





























70 %
80%
85%
87.5% 95%
100% 
Corrected 
Fan Speed
N
A
SA
/C
P—
2018-219955
303
National Aeronautics and Space Administration
ZZZQDVDJRY
6XUYH\5HVROXWLRQIRU$YHUDJHV
CFD CFD -> Expt Pts Experiment
Pt
At 72 circumferential samples, the EGV wakes still aren’t resolved, 
but it’s good enough for performance calculation.
Our studies have shown that the snapshot points (9 circumferential 
samples) can be enhanced to give reasonable performance 
estimates.
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/HVVRQV/HDUQHG
 <RX3UREDEO\'RQ¶W.QRZ\RXU7XQQHO)ORZDV:HOO
DV<RX7KLQN<RX'R
± &HQWHUOLQHYVQHDUZDOOV
± 6PDOOGLIIHUHQFHVHJ)FDQEHLPSRUWDQW
 )LQGLQJ3HDN(IILFLHQF\LVQRW7ULYLDO
± $OOWKHSLHFHVKDYHWREHSXWWRJHWKHU
 5RWDWLQJ5DNHV:RUNEXWWKH'HWDLOV0DWWHU
± 5DNHGHVLJQ
± 6XUYH\GHQVLW\
 /RZHUUHVROXWLRQGDWDFDQEHHQKDQFHGWRPDNH
UHDVRQDEOHSHUIRUPDQFHHVWLPDWHV
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WKRXJKFXUUHQWIXQGLQJSRUWIROLRLQFOXGHVPDQ\ RWKHUIHGHUDODJHQFLHV$UP\$LU)RUFH
'$53$1$6$16)DQGLQGXVWU\
 6HFXUH)DFLOLW\DWWKH--3LFNOH5HVHDUFK&DPSXVZLWKVWDIIDFFXVWRPHGWRZRUNLQJZLWKFODVVLILHG
DQGSURSULHWDU\LQIRUPDWLRQ
 &XUUHQWVWDIIaWRWDO
± UHVHDUFKVWDII3K'060$%6%$
± ±VWXGHQWVDOO86FLWL]HQV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 Signal physics
± Target Physics, Signal Processing, Automatic Detection and 
Classification
± Signal Exploitation, reconstruction
 Autonomous systems for ACINT & MDA
 Non-linear acoustics/biomedical Ultrasound
 Chemical/Nuclear/Biological Detection
 Risk Assessment, Cyber Security and Physical Protection
 Modeling, simulation, data mining and content learning
 Space-based and terrestrial LIDAR
 !$! 

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 High Frequency Acoustics
± Target physics
± Environment
± Signal Processing
 High Resolution Sonar
± Obstacle Avoidance
± Under Ice
± Swimmer Detection
± Mine Hunting and Avoidance
± Bottom Mapping
 Electromagnetic Systems
± HF Communications
± Millimeter Wave Sensors
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±  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 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± 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 Ionospheric Geophysics
± Characterization of Ionosphere
± Tomography
± Electromagnetic Propagation
± Instrumentation
 Applications
± Worldwide GPS Monitoring
± Precision Geodesy
± Ionospheric/Tropospheric 
Corrections
± RF emitter positioning
± GPS Sled Track Survey
± mm accuracy over 10 miles
± Ionospheric Data Assimilation in 
3D 
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Boundary-Layer-Ingesting Inlet 
Flow Control
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•UEET selected Boundary Layer Ingestion
(BLI) for offset inlets as a commercial,
revolutionary concept to achieve reduced
emissions through reduced fuel burn
•Interest in BLI inlet for both commercial
and military applications
•Systems studies show benefits of
BLI if inlet distortion is controlled
•Active Flow Control (AFC) being evaluated
to minimize distortion effects and enable
large amounts (30%) of BLI
Active Flow Control Background







!

	

!






















$!""#$





"



 





!





Baseline is pod-
mounted engine

#




#
 

N
A
SA
/C
P—
2018-219955
338
Inlet Flow Distortion
• Spatial variations in the total pressure at the
inlet/engine interface plane
• Ingestion of a large boundary layer and the S-shaped
inlet result in a high flow distortion level
• Problems with inlet distortion
-Increased vibration on fan blades (High Cycle Fatigue)
-Reduced compressor stability margin
-Engine stall
7RWDOSUHVVXUHUDWLRFRQWRXUV
DWWKHHQJLQHIDQIDFHIRUWKH
EDVHOLQHLQOHWDW0DFK
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AIP Rake
SAE Standard 40-Probe Rake
(Reference: Gas Turbine Engine Inlet Flow Distortion Guidelines.
Aerospace Recommended Practice 1420B, SAE International, 2001.)
3UREH5DNH7UDQVRQLF
:LQG7XQQHO([SHULPHQW
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Distortion Descriptor
SAE average circumferential distortion
Ref: SAE ARP 1420
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Small-Scale BLI Inlet Experimental Research
• Phase 1: Develop flush-mounted inlet test technique in
NASA 0.3m Transonic Cryogenic Tunnel (TCT)
• Phase 2: Evaluate and select control jet actuator from
simplified geometry testing (adverse pressure gradient
ramp)
• Phase 3: Low Mach number (M=0.15) testing of control
jet system with inlet geometry (6%-scale Inlet Model A -
L/D=3.1)
• Phase 4: High Mach number (M=0.85) testing of control
jet system with inlet geometry (2.5%-scale Inlet Model A -
L/D=3.1)
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Inlet Model in NASA 0.3m TCT (Front View)
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Inlet Model in NASA 0.3m TCT (Top View)
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External Inlet Flow Ducting in NASA 0.3m TCT
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Control Jets System
Characteristics
•Input: 350 psig air supply
•Pulsed or Steady Actuators
(compressed natural gas
fuel injectors)
•Pulsing Range
-Frequency: 20 to 200 Hz
-Duty Cycle: 20 to 80%
•Constrictions and volume
forced us to use steady jets
only
•Tubing could use branching
to change mass flow
distribution to control jet
orifices (i.e., 1 actuator to
2,4 or 6 jets)
•Jet Pressure Ratio Range:
1 to ~3
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Measured Boundary Layer Profiles in BLI Inlet Test 
0 M=0.6, Rn/ft=13.4M, XPLUG=0.60 in., delta=0.61 in. 
0 M=0.6, Rn/ft=13.4M, XPLUG=0.80 in. , delta=0.60 in. 
- - - - East's buffer region fit for M=0.6 profile
0 M=0.842, Rn/ft=16.3M, XPLUG=l.20 in., delta=0.58 in. 
6. M=0.843, Rn/ft=16.3M, XPLUG=l.40 in., delta=0.59 in.
• M=0.843, Rn/ft=16.3M, XPLUG=l.80 in., delta=0.58 in.
·······East's buffer region fit for M=0.84 profile
■ M=0.8, Rn/ft=l0M, empty tunnel, delta=0.58 in.
,__ ___ ____ 
+---- T I =,==--t-- --1J•---r1 
0 
Empty Tunnel BL Rake 
Measurement Location 
0.1 0.2 0.3 0.4 0.5 0.6 
U/Ue 
---
0.7 0.8 0.9 
&--0.61n. 
HI"" 1.7 In . 
BLl(6/H 1)"' 35% 
1 1.1 
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Effect of BL Rake on AIP Pressures
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BWB Full/Model-Scale Corrected Airflow Values
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All Control Jet Locations in Left Half 
(Looking Upstream) of the Inlet Diffuser
Flow
Diffuser
Exit
Note:
176 control jet orifices available
0.040” jet orifice diameter
11 different axial stations
Cowl Lip
Control Jets
Duct Upper 
Surface
Duct Lower 
Surface
Tunnel Wall
Left Half (looking upstream) of 
Inlet Model
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Effects of Tunnel Pt Variation (ReD) on Distortion
(M=0.85, Tt=80ºF, A0/AC=0.54, Config 10 w/36 jets)
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Effects of Tunnel Pt Variation (ReD) on Pressure Recovery 
(M=0.85, Tt=80ºF, A0/AC=0.54, Config 10 w/36 jets)
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Control Jet Momentum and Distribution Effect on Distortion 
(M=0.85, Pt=30 psia, Tt=80ºF, A0/AC=0.54)
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Vortex Generator (VG) Vane Installation
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Inlet Operation Range at M=0.85
Inlet Model System Test Range
VG Vane Control Effects on Distortion
(Pt=30 psia, Tt=80ºF)
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CFD Simulations for Different Inlet Mass Flow Rates
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VG Control Effects on Pressure Recovery
(Pt=30 psia, Tt=80ºF)
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Combined VG Vane and Jet Control Effect on Distortion
(M=0.85, Pt=30 psia, Tt=80ºF, Config 11 w/4 Jets)
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Conclusions (1 of 2)
• Demonstrated AFC jet system effectiveness to reduce 
circumferential distortion in a high Mach, significant BLI inlet 
flow problem
• Jet configurations were tested that lower distortion from 
baseline DPCPavg value of 0.055 to:
– 0.025 using only 1.5% of inlet mass flow rate (most effective)
– 0.015 using about 2.5% of inlet mass flow rate (lowest distortion)
• Balancing the control jet momentum and the jet distribution 
are key to effectively reducing circumferential distortion
• Measured pressure recovery decreases with significant BLI 
flow control
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Conclusions (2 of 2)
• Point design VG vane configuration indicates reduced
circumferential distortion compared to the baseline (no flow
control) configuration
• Hybrid system configuration combined VG vanes/jets to
keep the inlet distortion level low across the range of
available inlet mass flow settings
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Introduction
The CARL mission
 (QKDQFHWKHXQGHUVWDQGLQJRIFRPSOH[LQWHUQDOIORZSK\VLFVZLWKLQ
IDQVDQGFRPSUHVVRUVWKURXJKDQDO\WLFDOFRPSXWDWLRQDODQG
H[SHULPHQWDOPHWKRGV
 How do we do this?
 'DWDEDVHRIYDOLGDWLRQTXDOLW\H[SHULPHQWDOUHVXOWVWKDWDUHXVHGWR
HQKDQFHQXPHULFDOPHWKRGVDQGGHVLJQWRROV
 $QQXODU&DVFDGH)DFLOLW\IRULVRODWHGGLVWRUWLRQJHQHUDWRUVDQG
QRQURWDWLQJIORZSK\VLFV
 &RPSUHVVRU)DFLOLW\IRUIDQULJWHVWLQJDQGFRXSOHGFRQILJXUDWLRQV
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Introduction: Compressor Facility
Turning 
Vanes
Flow 
Straightening 
Tubes
Core 
Buster
Flow Conditioning 
Screens
Test 
Article
Filter 
House
Venturi
6,000 hp drive train with 22,000 RPM output
Flowpath with axial conditioning and inflow and
radial discharge
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Introduction: Compressor Facility
Reconfigurable Flowpath
 'HYHORSHGIORZSDWK DSSURSULDWHIRUFOHDQLQOHWDQGGLVWRUWHGLQIORZWHVWLQJ
WKURXJKUHFRQILJXUDEOHXSVWUHDPGXFWLQJDQGURWDWRUV
Flow Conditioning Barrel
Symmetric 
Bellmouth
AIP
Case
Rotor Case
Spacer Case
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Introduction: Compressor Facility
Reconfigurable Flowpath
 'HYHORSHGIORZSDWK DSSURSULDWHIRUFOHDQLQOHWDQGGLVWRUWHGLQIORZWHVWLQJ
WKURXJKUHFRQILJXUDEOHXSVWUHDPGXFWLQJDQGURWDWRUV
Flow Conditioning Barrel
Pressure Distortion 
Rotator
Symmetric 
Bellmouth
AIP
Case
Rotor Case
Spacer Case
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Introduction: Compressor Facility
Reconfigurable Flowpath
 'HYHORSHGIORZSDWK DSSURSULDWHIRUFOHDQLQOHWDQGGLVWRUWHGLQIORZWHVWLQJ
WKURXJKUHFRQILJXUDEOHXSVWUHDPGXFWLQJDQGURWDWRUV
Flow Conditioning Barrel
StreamVaneTM
Rotator
Symmetric 
Bellmouth
AIP
Case
Rotor Case
Spacer Case
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Introduction: Compressor Facility
Radial Exhaust Collector with Fan Throttle
 7KURWWOHYDOYHZLWKVORWWHGIL[HGFLUFXODUSODWHDQGFRQFHQWULFFLUFXODUSODWHZLWK
LGHQWLFDOVORWVWKDWULGHVRQWRSRIWKHIL[HGSODWH
 7HVWDUWLFOHLVWKURWWOHGE\URWDWLQJWKHPDWLQJFLUFXODUSODWHVRWKDWWKHVORWV
EHFRPHFRYHUHG
 $FFXUDWHLGHQWLILFDWLRQRIVWDOOLVDFKDOOHQJH
Exhaust 
Collector
Throttle 
Valve 
Actuator
Surge 
Valve 
Actuator
Throttle 
Valve Slots 
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Challenges: Instrumentation 
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Challenges: Instrumentation
Non-uniform flowfields in fans require denser
measurements than traditional rigs
 ,QOHW'LVWRUWLRQ0HDVXUHPHQW
 ([LW3ODQH7RWDO3UHVVXUHVDQG7RWDO7HPSHUDWXUHV
 2YHUWKH5RWRU.XOLWHV
 Specific Challenges
 5RWDWHLQVWUXPHQWDWLRQYV5RWDWHGLVWRUWLRQ"
 6LPXOWDQHRXVWLPHV\QFHGPHDVXUHPHQWYV5HVROXWLRQ"
 1RQLQWHUIHUHQFHZLWKIORZILHOG
 0LQLDWXUL]DWLRQWRGHFUHDVHLQIOXHQFH
 &DSWXULQJWKHFRUUHFWTXDQWLWLHVHJIORZDQJOHRQVWDJHH[LW
UDNHV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Inlet Distortion Measurement
Rakes versus PIV Measurements
 5DNHVLQFUHDVHIDLOXUHULVNJHQHUDWHEORFNDJHDQGZDNHVDQG
VWUDLJKWHQVWUHDPOLQHVEXWFDQSURYLGHWRWDOSUHVVXUHDQGHYHQYHORFLWLHV
 3,9HQDEOHVFDSWXUHRIRUFRPSRQHQWVRIXQVWHDG\YHORFLW\ZLWKRXW
GUDPDWLFDOO\LPSDFWLQJWKHIORZ
Steady 8x10 Rake Case PIV Configuration, Mean 
Flow, and Dominant Mode
Prati Probe Rake
5-Hole Probe Traverse
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Exit Plane Instrumentation
Performance Measurement and Exit Plane 
Reconstruction
 6WHDG\LQVWUXPHQWDWLRQSRVLWLRQHGWRUHFUHDWHDVWDWRUSDVVDJHLQ
FOHDQLQIORZDQGDOORZDUHDDYHUDJLQJFHQWHUVRIHTXDODUHDHTXDO
SHUFHQWSLWFK
 5RWDWLRQRIGLVWRUWLRQWRPDWFKDSSURSULDWHFORFNLQJLQWHUYDOVEDVHG
RQVWDWRUSLWFKDOORZVUHFRQVWUXFWLRQ
Area-averaged Performance
Reconstructed Distortion 
Flowfield
5RWDWLRQ
Exit Rake Case
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Over-the-Rotor Kulites
Unsteady data acquisition: Wall Static Kulites
 7RWDORI.XOLWHVSODFHGDWWZRGLIIHUHQWPHDVXUHPHQWSODQHV
 1RWDEOHWRH[WUDFWVSHFLILFXQVWHDG\HYHQWVVSDWLDOO\XQOHVVSKDVH
ORFNHGWRURWRU
Simultaneous Upstream Kulite
Circumferential Trace
XTEL-140 (M) Series Kulite
Reconstructed 
Time-mean 
Flowfield
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Over-the-Rotor Kulites
Unsteady data acquisition: Wall Static Kulites
 .XOLWH HQVHPEOHDYHUDJLQJDQGVSDWLDOUHFRQVWUXFWLRQDOORZVFDSWXUH
RIURWDWLQJVWDOO
Measure 
degraded aero 
flowfield due to 
rotating stall
Rotor Case
Kulites
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Challenges: Aeromechanic 
Characterization
N
A
SA
/C
P—
2018-219955
378
DISTRIBUTION A. Case No. 88ABW-2018-2550. Approved for public release: distribution unlimited
Challenges: Aeromechanic 
Characterization
Fan Response Prediction and Measurement is Critical
 $FFXUDWH*HRPHWU\DQG6WUXFWXUDO5HVSRQVHFKDUDFWHULVWLFV
 6WUDLQJDJHDQG1606IRU+HDOWK0RQLWRULQJDQG'DWD
Specific Challenges
 8VHRI1RQ&RQWDFWVWUHVVPHDVXUHPHQWDQGLGHQWLILFDWLRQRI
VLJQLILFDQWHYHQWV
 6WUDLQ*DJH3ODFHPHQWDQGDPRXQWRI5RWDWLQJ,QVWUXPHQWDWLRQ
 9DOLGDWLRQIRU)OXLG6WUXFWXUH,QWHUDFWLRQVLPXODWLRQV
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Accurate Structural Characterization
Unsteady data acquisition: Strain Gages
 3ODFHPHQWVHOHFWHGEDVHGRQ)($RIUHDOJHRPHWU\
Unsteady data acquisition: NSMS Light Probes
 5RWRU DUULYDOWLPH LQGLFDWHVPRGHVDPSOLWXGHVLQWHUDFWLRQV
 &DQEHFRPELQHGZLWK.XOLWH 	3,9PHDVXUHPHQWVWRIRUP
PXOWLYDULDEOHGDWDVHWWRLGHQWLI\FRKHUHQWSK\VLFVHYHQWV
Traveling Wave 
Experiment
Modal Analyses
ATOS Scan Data
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Strain Gage and NSMS 
Measurements
Unsteady data acquisition: Strain Gages
 RQURWRUVWUDLQJDJHV
 /LYHVWUHVVPRQLWRULQJZLWKFRPSDULVRQVWRRI*RRGPDQOLPLWV
Unsteady data acquisition: NSMS Light Probes
 OHDGLQJHGJHDQGWUDLOLQJHGJHVSRWSUREHV
 'LVSOD\HGHYHQWVDUULYDOWLPHDQGVWUHVVDPSOLWXGHV
Strain Gage 
Placement Rotor Case
NSMS
NSMS Output
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Challenges: Swirl Distortion 
Generator
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Challenges: Swirl Distortion 
Generators
7\SLFDOFRPSUHVVLRQV\VWHPGHVLJQSUDFWLFHVUHO\RQ'
PHDQOLQH FRGHVWKDWDVVXPHXQLIRUPLQOHWFRQGLWLRQV
 )XUWKHUUHVHDUFKLVQHFHVVDU\WRGHILQH
NH\GHVLJQSDUDPHWHUVRILQWHUHVW
6LPLODUWRWKHPHWKRGVRIHYDOXDWLQJSUHVVXUHGLVWRUWLRQ
 EURDGVSHFWUXPRIYHORFLW\ILHOGVQHHGVWREHSURFHVVHGWKURXJKD
FRPSUHVVLRQV\VWHPDQGHYDOXDWHG
Streamline 
Design Code
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Challenges: Swirl Distortion 
Generators
7\SLFDOFRPSUHVVLRQV\VWHPGHVLJQSUDFWLFHVUHO\RQ'
PHDQOLQH FRGHVWKDWDVVXPHXQLIRUPLQOHWFRQGLWLRQV
 )XUWKHUUHVHDUFKLVQHFHVVDU\WRGHILQH
NH\GHVLJQSDUDPHWHUVRILQWHUHVW
6LPLODUWRWKHPHWKRGVRIHYDOXDWLQJSUHVVXUHGLVWRUWLRQ
 EURDGVSHFWUXPRIYHORFLW\ILHOGVQHHGVWREHSURFHVVHGWKURXJKD
FRPSUHVVLRQV\VWHPDQGHYDOXDWHG
Streamline 
Design Code
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6WUHDP9DQH70 VZLUOJHQHUDWRU
 3DWHQWHGE\9LUJLQLD7HFK
 *HQHUDWHVXVHUGHILQHGVZLUOSDWWHUQVIURPD' YHFWRUILHOG
 $EOHWRSURGXFHEXONIORZIHDWXUHVDVZHOODVFRPSOH[ORFDOL]HGIHDWXUHV
 *HQHUDWHVDVSHFLILHGVZLUOSDWWHUQWKURXJKDFRQWLQXRXVVHULHVRI
FKDQJLQJYDQHSURILOHVVWDFNHGDORQJDQXPEHURISUHGHILQHGYDQHSDWKV
 9DQHSURILOHVKDSHVDUHEDVHGRQVL[SHUFHQWWKLFN1$&$VHULHVEODGH
VHFWLRQV
'HYHORSPHQWDO&KDOOHQJHV
 0DFKQXPEHUGHSHQGHQFHRQVHFRQGDU\IORZILHOG
 9DOLGDWLRQRIWKH&)'FRPSXWDWLRQDOPRGHO
 9DOLGDWLRQRIORZVSHHGZLQGWXQQHOWHVWVXVHGIRUWKH
GHYHORSPHQWSURFHVV
 9DOLGDWLRQRIPDWHULDOSURSHUWLHVDQGVWUXFWXUDO
FKDUDFWHUL]DWLRQ AFS1 StreamVaneTM
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7KHREMHFWLYHRIWKLVVWXG\ZDVDQHYDOXDWLRQRIWKH
IORZILHOG DVLWYDULHVD[LDOO\IURPWKHH[LWRIWKH6WUHDP9DQH
 0RWLYDWHGE\WKHUHFRPPHQGDWLRQVE\WKH6$(IRUKRZWRGHILQHDQGWDNH
IORZPHDVXUHPHQWVDWDQ$,3
 8QOLNHSUHVVXUHGLVWRUWLRQVFUHHQVWKHUHLVFXUUHQWO\QRVWDQGDUGIRU
VSHFLI\LQJDGLVWDQFHEHWZHHQDVZLUOJHQHUDWRUDQGDQ$,3
 7KURXJKWKHDQDO\VLVRIWKHD[LDOH[WHQWRIERWKSUHVVXUHGLVWRUWLRQDQG
VZLUOGLVWRUWLRQDQD[LDOVSDFLQJUHODWHGWRGXFWVL]HFDQEHGHWHUPLQHG
AIP
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7KHREMHFWLYHRIWKLVVWXG\ZDVDQHYDOXDWLRQRIWKH
IORZILHOG DVLWYDULHVD[LDOO\IURPWKHH[LWRIWKH6WUHDP9DQH
 7KHGHVLUHGD[LDOVSDFLQJLVEDVHGRQWKHIROORZLQJFULWHULD
 0LQLPL]LQJWKHSUHVVXUHGLVWRUWLRQDWWKH$,3
 $ELOLW\WRJHQHUDWHDVSHFLILHGVHFRQGDU\IORZILHOG DWWKH
SURSRVHGVSDFLQJ
 0LQLPL]LQJWKHSRWHQWLDOHIIHFWEHWZHHQWKHVZLUOJHQHUDWRUDQG
WKHFRPSUHVVLRQV\VWHP
AIP

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In-Flow
Trim-Flow
Flow to 
Exhausters 
AIP
Measurement 
Plane
Inlet Total 
Temperature and 
Pressure
Annular Cascade Facility (ACF)
 9HUWLFDOWHVWFRQILJXUDWLRQ
 LQFKGLDPHWHUWHVW
VHFWLRQ
 8WLOL]HVWZRJDVWXUER
H[KDXVWHUWRSXOOXSWR
OEPV
 &ORVHGORRSIHHGEDFN
FRQWURORI0DFKQXPEHU
WRZLWKLQ
 GXFWGLDPHWHUVLQ
OHQJWKEHIRUHIORZSDWK
FKDQJH
 9DULRXVVWDJHVRI)ORZ
FRQGLWLRQLQJ
 $,3 ORFDWLRQLVIL[HG
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Annular Cascade Facility (ACF)
 9HUWLFDOWHVWFRQILJXUDWLRQ
 LQFKGLDPHWHUWHVW
VHFWLRQ
 8WLOL]HVWZRJDVWXUER
H[KDXVWHUWRSXOOXSWR
OEPV
 &ORVHGORRSIHHGEDFN
FRQWURORI0DFKQXPEHU
WRZLWKLQ
 GXFWGLDPHWHUVLQ
OHQJWKEHIRUHIORZSDWK
FKDQJH
 9DULRXVVWDJHVRI)ORZ
FRQGLWLRQLQJ
 $,3 ORFDWLRQLVIL[HG
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 AFRL Experimental Evaluation and Feedback to Virginia Tech
TPOC: Dr. W. Copenhaver
TPOC: Mr. C. Nessler
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 AFRL Structural Evaluation and Feedback to Virginia Tech
CFD Surface Static Pressure
Extracted and Used as Applied 
Load in FEA
FEA Stress 
Prediction
ATOS Scanned 
Geometry vs Design
Strain Gage Test with 
Applied Aero Loading
Quantified “As Built” Mechanical Properties
Computed Tomography (CT) Scan and 
X-Ray
Characterization of Fatigue Properties
RX Collaboration Virginia TechRQTI/TEFF
RQTI/TEFF
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Summary
 .H\5HVXOWV
± +LJKILGHOLW\LQIORZDQG
RXWIORZTXDQWLILFDWLRQ
± 2YHUWKHURWRU.XOLWH
UHFRQVWUXFWLRQRI
URWDWLQJVWDOODQG
FLUFXPIHUHQWLDO
YDULDWLRQV
± $HURPHFKDQLF
TXDQWLILFDWLRQRIURWRU
LQFOXGLQJ1606
 .H\&KDOOHQJHV
± &RQWUROOLQJIDQ
RSHUDWLQJSRLQWZLWK
FRQILJXUDWLRQFKDQJH
± $FFXUDWHLGHQWLILFDWLRQ
RIVWDOOSRLQW
± 'DWDRUJDQL]DWLRQDQG
SURFHVVLQJIRUODUJH
XQVWHDG\PXOWL
YDULDEOHGDWDVHWV
± $HURPHFKDQLF
FKDUDFWHUL]DWLRQ
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Questions?
32&&KDVH1HVVOHU
(PDLOFKDVHQHVVOHU#XVDIPLO
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-XOLD6WHSKHQV
&KULV+XJKHV
0DUN&HOHVWLQD
1$6$*OHQQ5HVHDUFK&HQWHU
0D\
1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
:7HVW3ODQVWLWK6WUHDP9DQHV
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ :7HVW3ODQVZLWK6WUHDP9DQHV
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
:)DFLOLW\
$VLQJOHD[LDOVWDJHIDFLOLW\GHVLJQHGWR
 $FTXLUHGHWDLOHGGDWDIRUPRGHO
GHYHORSPHQWDVZHOODVWRYDOLGDWH&)'
FRGHV
 ,QYHVWLJDWHLQQRYDWLYHIORZFRQWURO
VWUDWHJLHVIRULPSURYLQJDQGRUFRQWUROOLQJ
FRPSUHVVRUSHUIRUPDQFHDQGRSHUDELOLW\
 6WXG\WKHHIIHFWVRILQOHWGLVWRUWLRQRQIDQV
 ,QYHVWLJDWHWKHDHURG\QDPLFSHUIRUPDQFH
DQGRSHUDELOLW\RIIDQVDQGFRPSUHVVRUV
:7HVW3ODQVZLWK6WUHDP9DQHV
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
:2YHUYLHZ
:7HVW3ODQVZLWK6WUHDP9DQHV
8QLTXH&DSDELOLWLHV
 &RPSDWLELOLW\ZLWKERWKDQG
GLDIDQVFRPSUHVVRUVZKLFK
SURYLGHVFRPSDWLELOLW\ZLWK$)5/
1$6$DQGLQGXVWU\
 %LGLUHFWLRQDOEHDULQJVZKLFK
SURYLGHVFRPSDWLELOLW\ZLWK[
/6:7GULYHV\VWHPDVZHOODV
FRPSDWLELOLW\ZLWKLQGXVWU\URWDWLRQ
FRQYHQWLRQV
 &RPPRQVKDIWDWWDFKPHQWVFKHPH
ZLWK:0XOWLVWDJH)DFLOLW\	WKH
;/6:7
 ,QOHW%OHHGV\VWHP PRGLILHVLQOHW
ERXQGDU\OD\HUWKLFNQHVVWR
VLPXODWHYDULRXVLQOHWLQVWDOODWLRQV
Plenum
Collector
7KURWWOH9DOYHV
)$1 2*9
Flow &/ *HDUER[
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ :7HVW3ODQVZLWK6WUHDP9DQHV
'ULYH6\VWHP
 (OHFWULF'ULYH0RWRU
 KSUSP
 3RZHUHGE\WKH(5%9DULDEOH)UHTXHQF\6\VWHP
 *HDU%R[
 KS
 JHDUUDWLR
 &RPSUHVVRU%HDULQJ+RXVLQJ
 6SHHGUSPWRUSP
 7LOWLQJSDGMRXUQDOEHDULQJVDQGWKUXVWEHDULQJ
 ,QOLQHWRUTXHPHWHU UDWHGIRULQOEV
 6HSDUDWHOXEHPRGXOHVIRUPRWRUJHDUER[
WRUTXHPHWHUDQGFRPSUHVVRUEHDULQJ
KRXVLQJ
 6OLSULQJLQVWDOOHGRQWKHKLJKVSHHGVKDIWRI
WKHJHDUER[
'ULYH0RWRU *HDUER[
7RUTXHPHWHU
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
&DSDELOLWLHV
:7HVW3ODQVZLWK6WUHDP9DQHV
 			

		 		
,QOHWDLUSUHVVXUH SVLD
,QOHWDLUWHPSHUDWXUH $PELHQW
,QOHWDLUIORZ OEVPD[
$WPRVSKHULFH[KDXVW SVLG EORZHUV
$OWLWXGHH[KDXVW LQ+JYDFXXPPD[
5RWRUVSHHG USPPD[
5RWRUVL]H LQPD[
'ULYHPRWRU KS PD[
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
,QOHW&KDUDFWHULVWLFV
 WRWDO3UHVVXUH
&DOLEUDWHGIRUWRWDO
SUHVVXUHUHFRYHU
 WRWDOWHPSHUDWXUH
&DOLEUDWHGIRUWRWDO
WHPSHUDWXUHUHFRYHU\
GHQVLW\VHQVLWLYLW\DQG
DQJOHVHQVLWLYLW\
 VWDWLF3UHVVXUHV
:7HVW3ODQVZLWK6WUHDP9DQHV
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
&KDUDFWHUL]H%DVHOLQH)DFLOLW\
 7XUEXOHQFHLQWHQVLW\KDV
EHHQVKRZQWREHDW
WKHIDQHQWUDQFH9DQ
=DQWH%R]DN
 'HVLUHWRVKRZ
FLUFXPIHUHQWLDOXQLIRUPLW\
 1HHGWRNQRZDW
6WUHDP9DQH /RFDWLRQ
XSVWUHDPRIIDQ
:7HVW3ODQVZLWK6WUHDP9DQHV
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
(PSW\6HFWLRQ6ZLUO
:7HVW3ODQVZLWK6WUHDP9DQHV
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
6WUHDP9DQH70 0HWKRG$,$$
:7HVW3ODQVZLWK6WUHDP9DQHV
3DWHQWHG9LUJLQLD
7HFK7HFKQRORJ\
SURFHVV
*HQHUDWHVXVHU
GHILQHGVZLUOSDWWHUQVIURPD'YHFWRUILHOG
1$6$LVZRUNLQJZLWK9LUJLQLD7HFK
8QLYHUVLW\WRGHYHORS6WUHDP9DQHV IRU
WHVWLQJZLWK´GLDPHWHUIDQV
&DQEHXSJUDGHGZLWKVFUHHQVWRLQFOXGH
WRWDOSUHVVXUHGLVWRUWLRQ
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ :7HVW3ODQVZLWK6WUHDP9DQHV
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
3LSLQJ8SJUDGHV
 ,QFUHDVHWHVWVHFWLRQOHQJWKWRDOORZIRU
HQWLUHIDQV\VWHPZLWKXSVWUHDPDQG
GRZQVWUHDPPHDVXUHPHQWV
7XUEXOHQFHXQGHU
1RVZLUO
:7HVW3ODQVZLWK6WUHDP9DQHV
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
'ULYHOLQH8SJUDGHV
)DOO
1HZ0RWRU
)<
1HZ6KDIWZLWK
%DODQFHFDSDELOLW\
1HZ%HDULQJV
:7HVW3ODQVZLWK6WUHDP9DQHV
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
'DWD8SJUDGHV
1HWVFDQQHU 3UHVVXUH0HDVXUHPHQW
&REUD'DWD$FTXLVLWLRQ
1HZ6KDIWZLWKEDODQFHFDSDELOLW\
8SJUDGHWKHRQERDUGGDWDV\VWHPDQGVOLS
ULQJ
:7HVW3ODQVZLWK6WUHDP9DQHV
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1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ
7HVWLQJ:LWKWKH%/,)DQ
:7HVW3ODQVZLWK6WUHDP9DQHV
	 
	

N
A
SA
/C
P—
2018-219955
409
1DWLRQDO$HURQDXWLFVDQG6SDFH$GPLQLVWUDWLRQ <RXU7LWOH+HUH 
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Advanced Air Transport Technology Project
National Aeronautics and Space Administration
www.nasa.gov
Acoustic Considerations for PAI
(formerly: Ultimate Performance for Podded Propulsors UP3)
Dr. Dale Van Zante, Senior Advisor for Propulsion
Acknowledgement to Dr. Russ Thomas and team
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Background
 FAA current noise certification standards for airplanes certificated in the US (known as
Stage 5) entered into effect in January 2018 and represents an increase in stringency of
7 EPNdB  (cumulative) relative to Stage 4 levels.
 By 2030 it is expected that regulations for noise will be much stricter than current
Stage 5.  At least 2 new stages for regulations might be expected.
”Despite advances in noise 
reduction technologies, 
aviation noise is still the 
greatest constraint to 
capacity/growth at airports.”
-- Sandy Lancaster, Environmental 
Program Manager at Dallas-Fort 
Worth International Airport, during 
the Acoustics Technical Working 
Group held at LaRC on April 10, 
2018
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Example: PAI impact on noise for Open 
Rotors
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Engine noise source character
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Noise challenges with low FPR engine configurations
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Potential Future Airframes: 
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Installation effects: Reflection and Shielding
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Installation effects: Reflection and Shielding
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Non-traditional use of acoustic liners
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C17 Trailing Edge 
Diffraction Treatment
Vertical
s
C10 Center Elevon
PAA linerC16 Vertical Tail Root 
Extension (One of 
Three for C16)
C12 PAA Chevron Nozzle
NASA / Boeing Series of PAA Experiments 2004-2012
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What if noise regulations force a 
configuration change?
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Propulsion-Airframe Integration Flight 
Test Instrumentation
Stephen Cumming
Hyun Dae Kim, presenting
NASA Armstrong Fight Research Center
Propulsion-Airframe Integration Technical Interchange Meeting
May 30 & 31, 2018 
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Outline
 Introduction
 Current Capabilities
± On- and off-surface flow measurements
± On- and off-surface flow visualization
± Thrust estimation
 Capabilities in Development
 Needed Capabilities
 Concluding Thoughts
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Introduction
 This presentation focuses on flight test instrumentation for
flow measurements applicable to PAI
± Since internal engine instrumentation is not substantially different for 
in-flight measurements, this area isn’t covered in detail
± There are some technologies for strain measurement, e.g. Fiber Optic 
Strain Sensing (FOSS), that have applications for PAI, but they are not 
covered in detail
± Not intended to cover everything currently used in the flight test 
environment
 Current and potential future measurement technologies at
NASA Armstrong Flight Research Center are discussed
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NASA Armstrong Flight Research Center
 Mission: Advancing technology and science through flight
 Vision:  To fly what others only imagine
 70+ years of flight test and flight research history and experience
 Located on Edwards Air Force Base
 Some of the aircraft tested and flown at AFRC:
± X-15
± F-8 Digital Fly-By-Wire
± F-8 Supercritical Wing
± HL-10 Lifting Body
± X-29
± X-31
± F-18 HARV
± F-16XL
± X-43A
± SOFIA
± X-56
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Aerodynamics and Propulsion Branch
 Competencies include:
± Aerodynamics
± Propulsion and Performance
± Flow Physics
± Aerospace Meteorology
 Responsibilities include both research and
airworthiness support
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Current Capabilities
 A wide variety of flight test instrumentation exists to 
characterize the flow in and around a propulsion system
 Capabilities exist to provide flow measurements on and off of 
surfaces and to provide flow visualization on and off surfaces
 Techniques exist to estimate as-installed thrust during flight
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On-Surface Flow Measurements
 Electronic Scanned Pressure Sensors
± Are used to measure a large number of relatively steady pressures 
± Generally installed via drilled ports or surface-mounted strip-a-tube
± Due to tubing, difficult to use 
for dynamic pressure environments
± Requires temperature control 
of measurement unit for reasonable 
accuracy in-flight
 Absolute pressure sensors
± Are used to measure absolute 
pressure at a single location
± Variety of form factors and sizes provide options for drilled ports or 
surface mounting
± Wide range of potential response rates
± Temperature sensitivity can be problematic in-flight
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On-Surface Flow Measurements
 Differential pressure sensors/microphones
± Are used to measure differential pressure at a single location
± Variety of form factors and sizes provide options for drilled ports or 
surface mounting
± Wide range of potential response rates
± Some temperature sensitivity, but not as large a concern as for 
absolute sensors
± Location of reference pressure measurement is critical to 
understanding the results
 Thermocouples
± Provide a surface temperature when mounted on a surface
± Established technology, but it can be difficult to install such that the air 
temperature at the surface is measured instead of the structural 
temperature
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Off-Surface Flow Measurements
 Flow rakes
± Are used to provide off-surface flow properties for a variety of 
geometries, including pressure, temperature, flow velocity and 
direction (calibration required for flow velocity and direction)
± Can be designed to provide steady or dynamic measurements
± Hardware must be designed for flight environment
± Calibration often needed
± Measured flow is affected 
(to various degrees) by the rake itself
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Off-Surface Flow Measurements
 Multi-hole probes
± Are used to provide pressure, flow velocity and direction, and 
sometimes temperature at a specific off-surface location
± A large variety exist, ready to purchase off-the-shelf
± Calibration is required
± Measured flow is affected (to various degrees) by the probe itself
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Inlet Rake
 Typically used for new design long inlets to characterize inlet flow 
characteristics. Industry standard is a 40 probe rake (8 rakes with 5 probes 
each)
 total pressure distortion 
(transient and steady 
state)
 acoustic phenomenon 
(inlet buzz)
 flow angularity
 average total recovery 
(P2ave/P0)
 stall margin
 thermal distortion
 Inlet mass flow
 vibration
 shock wake 
determination
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On-Surface Flow Visualization
 Oil Flow/Liquid crystal
± Can identify flow direction, 
transition, shock locations
± Minimal recent use
± Techniques are messy and 
material can be hazardous
 Sublimation chemicals/ Emitted dyes or glycol
± Can identify turbulence and separated flow
± Minimal recent use
± Only one test point per flight
± Techniques are messy
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On-Surface Flow Visualization
 Tufts
± Can identify flow direction and separated flow
± Easy and cheap to install
± Careful consideration of 
installation required to avoid
influencing the flow
± Variety of types of materials 
used 
(flow cones, parachute cord, wool yarn, etc.)
 Infrared imaging
± Can be used to detect laminar, transition, and turbulent flow and shocks
± Most easily used at supersonic
flight conditions
± Requires temperature difference
± Requires specialized viewing system
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Off-Surface Flow Visualization
 Smoke
± Can be used to visualize vortical flow, 
separated flow, and streamlines
± Minimal recent use
± Requires substantial modifications to 
aircraft to use
± Substantial fire hazard
 Natural Condensation
± Can be used to visualize vortical flow, 
shocks, shear layer instabilities
± Minimal recent use
± No modifications required to aircraft, 
but not reliable and difficult to repeat
 Schlieren
± Can be used to visualize density changes from shock structures from 
supersonic shocks, subsonic and supersonic vortices
± Two methods currently used for flight: AirBOS and BOSCO
Propulsion-Airframe Integration Technical Interchange Meeting
N
A
SA
/C
P—
2018-219955
462
AirBOS
 Airborne Background Oriented 
Schlieren
± Downward looking at desert vegetation or 
ocean speckles
± Wide field of view, very detailed
± Currently using KingAir to look down 
on target
± Imaged F-18, F-15, and T-38
± Only T-38 releasable currently
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BOSCO
 Background Oriented Schlieren using 
Celestial Objects
± Ground based (upward) or air-to-air (side view) looking 
at Sun/Moon
± 0.5 deg field of view 
± Working toward air-to-air capability
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Thrust Estimation
 Extremely difficult to directly measure thrust
± Previous efforts involved strain gauges on thrust links or string pots 
that require installed thrust stand run to calibrate
 Engine model is used in conjunction with instrumentation and 
other information from engine to estimate thrust
± Bill of Material engine sensors: N1, N2, fuel flow, pressures, 
temperatures, nozzle area, guide vane positions
± Engine/Airframe communication:  All buss communication between 
engine and airframe
± Performance testing requirements: Flight test quality fuel flow, fuel 
sample lab testing for all flights
 Technique is highly reliant on accurate modeling
± Generic models can have errors as large as 20%
± OEM models are an improvement (errors as small as 2%), but 
uncertainties due instrumentation and fuel are still present
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Capabilities in Development
 Low-profile conformal pressure sensors 
 Low-profile conformal shock and transition detection sensors 
 Carbon-based heating layer for laminar/turbulent flow 
visualization
 Pressure sensitive paint (PSP) for in-flight use
 Wireless sensor and instrumentation sensor technologies
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Needed Capabilities
 Improved off-surface flow measurements and visualization
± In-flight Particle image velocimetry (PIV) has been targeted for future 
efforts, but currently unfunded
 Improved flight-capable pressure sensors
± Less intrusive, less temperature dependence, cost effective
 Less intrusive sensors and visualization techniques
 Improved engine modeling for flight test
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Concluding Thoughts
 Current flight test instrumentation capabilities have been 
adequate for conventional aircraft configurations but have 
limitations, including potential for affecting flow
 New and improved instrumentation may be needed to 
properly evaluate future configurations
 NASA AFRC is continually looking for opportunities to take 
new flight test instrumentation to flight
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Questions?
Thanks:
Mark Davis
James Faber
Mike Frederick
Daniel Jones
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